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Abstract

With increasing depth in the crust, the increase in effective pressure causes a transi-

tion in the deformation mechanism of sandstones from dilatant cracking and fractur-

ing, to compactive grain crushing and a reduction in porosity. These two deforma-

tion regimes are referred to as the brittle and ductile deformation regimes of porous

rocks, and while the pressure dependence on the brittle to ductile transition has been

experimentally well constrained, there is a sparsity of experimental data exploring

the effect that elevated temperature has on the brittle to ductile transition and on

the ductile regime as a whole. In this study, a series of constant strain rate triaxial

deformation experiments were performed on three water saturated sandstones at ei-

ther room temperature or 150◦C. Increasing the deformation temperature to 150◦C

caused a reduction of 8 to 18% in the differential yield stress in the brittle regime

and a reduction of 9 to 37% in the ductile regime. The weakening measured at ele-

vated temperature is attributed primarily to a reduction in fracture toughness but also

with increased rates of subcritical cracking. Additional ductile creep experiments

were performed on Bleursville sandstone at room temperature, 75◦C and 150◦C to

probe the role of subcritical cracking in more detail. At a given creep stress, the

creep strain rates were generally at least an of magnitude higher at 150◦C than at

room temperature. In addition, the stress sensitivity of strain rate to a change in

differential stress was reduced at higher temperature, and in concordance with prior

experimental and theoretical work, it is established that increased rates of stress cor-

rosion likely explain the reduction in stress sensitivity. It is therefore concluded that

the weakening effect of elevated temperature is greater at lower strain rates.
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Chapter 1

Introduction

1.1 Introduction to Project

With increasing depth in the crust, the deformation style of porous sandstones tran-

sition from shear localisation and brittle faulting at shallow depths, to grain crushing

and cataclastic flow at greater depths. Shear localisation and faulting are regularly

associated with dilatancy and a volumetric increase, whereas grain crushing and cat-

aclastic flow are associated with compaction and a volumetric decrease. These two

different deformation regimes are commonly refereed to as the brittle and ductile

regimes respectively. From laboratory experiments the pressure dependence of the

transition from brittle to ductile deformation is reasonably well constrained. How-

ever, much less is known about how the elevated temperature (50−200◦C) found at

the depths required to facilitate ductile deformation, influences the transition from

brittle to ductile deformation or how it impacts the general strength of sandstones

in the ductile regime.

Furthermore, recent experimental evidence has demonstrated that time dependent

chemical interactions between sandstone and water can enable ductile sandstone de-

formation to occur at stresses far below the conventional critical level. The chemical

reactions between the pore water and the rock matrix are anticipated to be temper-

ature sensitive, with an increase in temperature most likely increasing the rate at

which the time-dependent deformation processes occur . The effect that elevated
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temperature has on time dependent deformation in the brittle regime has been pre-

viously explored, however, there are no known studies which have examined the

effect of elevated temperature on time dependent ductile deformation.

Sandstone compaction is a phenomenon which has implications for many tectono-

physical and geoengineering situations, including fault mechanics and the earth-

quake cycle, reservoir production and reservoir management. Field measurements

have shown that order of magnitude permeability reductions and anisotropy can be

observed as a result of sandstone compaction structures and this is complemented

by laboratory experiments, which have shown that sandstone compaction can lead

to a reduction of observed macroscopic permeability by up to three orders of magni-

tude. The direct implications of the volumetric reduction associated with sandstone

compaction can be observed as surface subsidence above and around siliciclastic

reservoirs. The removal of the pore fluid during fluid extraction will lead to a

reduction in the pore pressure, which in turn can cause both elastic and inelastic

compaction of the host rock which can cause subsidence and seismicity in the over-

burden strata.

1.2 Project Aims

The main objectives of this project were:

1. Set up a new triaxial deformation press in the Rock and Ice Physics Labora-

tory at UCL.

2. Construct yield envelopes for three sandstones at room temperature and at

150◦C.

3. Perform ductile creep experiments on sandstone at room temperature, 75◦C

and 150◦C.

4. Describe any changes in deformation at elevated temperatures in terms of

micromechanical models.
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1.3 Thesis Outline

Following this introduction, the five further chapters of this thesis are:

Chapter 2: Current Knowledge of Sandstone Deformation. This chapter

presents an overview of past scientific work that has added to our current state of

knowledge on sandstone deformation and rock deformation in general. This chapter

brings together perspectives from experimental studies, theoretical modelling and

field based observations in an attempt to describe what is known about the way

sandstones deform and what gaps in our knowledge still remain

Chapter 3: Methods and Materials. This chapter primarily focuses on describing

a new conventional triaxial deformation press and the work that went into getting

the apparatus ready for experiments. As this is the first study to utilize this new

press, both the operational procedure and individual components are described in

detail. In addition to details on the press, this chapter includes information on the

sandstones used in this study and the experimental plan of this project.

Chapter 4: Effect of Elevated Temperature Sandstone Deformation over Short

Time-scales. This chapter presents results and the corresponding discussion for

hour-scale constant strain rate experiments performed on three different sandstones

at room temperature or 150◦C.

Chapter 5: Effect of Elevated Temperature Sandstone Deformation over Long

Time-scales. This chapter presents results and the corresponding discussion for

week-scale ductile creep experiments performed on Bleursville sandstone at room

temperature, 75◦C or 150◦C.

Chapter 6: Conclusions and Perspectives. This chapter summarises the key find-

ings of this project, and provides suggestions for future experimental work.





Chapter 2

Current Knowledge on Sandstone

Deformation

2.1 Introduction

Sandstones are porous sedimentary rocks which are abundant at the Earth’s sur-

face and within the Earth’s upper crust. Their porous and usually permeable na-

ture means sandstones play an important role in crustal fluid flow, which has direct

implications for many tectonophysical and geoengineering situations. Two of our

most important commodities, hydrocarbons and water, are stored in great quantities

within the Earth’s sandstone reservoirs. It is only with a sound understanding of how

sandstones behave under the different environments found within the crust, are we

able to locate and safely extract these important resources as efficiently as possible.

Additionally, earthquakes are a hazard which globally affect millions of people and

the behaviour of faults and the earthquake cycle is directly linked to the mechanical

response of stressed crustal rocks as well as the mechanical and chemical effects

of water travelling through fault zones (Gratier et al., 2002; Sibson, 1994; Nur and

Booker, 1972). It is therefore imperative that we understand in as much detail as

possible, how crustal rocks respond to the different crustal conditions imposed upon

them.

This chapter introduces many of the scientific concepts discussed in this thesis, as
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well as providing an overview of past experimental work, field observations and

theoretical constructs which underpin our current knowledge of sandstone defor-

mation. The outline of this chapter is as follows:

1. Why are sandstones important?

2. Experimental insights into sandstone deformation.

3. Field observations of sandstone deformation.

4. Rock behaviour under stress: theories and models.

5. Influence of time and fluids on sandstone deformation.

6. Influence of elevated temperature on sandstone deformation.

2.1.1 The importance of sandstones

Sandstone encompass a broad category of sedimentary rocks which make up large

portions of the Earth’s surface and upper crust. Their physical properties and rela-

tive abundance mean that sandstones play an important role in two of geosciences

largest areas of study: natural hazard research and resource management.

The porous nature of sandstones and their corresponding high storage capacity,

means that they make excellent host rocks for hydrocarbon reservoirs and for

aquifers. It is estimated that 60% of global petroleum reservoirs have sandstone

host rocks (Bjørlykke and Jahren, 2010) and these have a worldwide distribution as

shown in Figure 2.1 (Ehrenberg and Nadeau, 2005). In the United Kingdom, the

Permo-Triassic Sandstone aquifer group is the second most important aquifer sys-

tem within the country (Binley et al., 2002), and upwards of 25% of groundwater

extraction in the UK comes from this group (Allen et al., 1997). In the future, it

is anticipated that many proposed carbon capture and storage sites will be based

in sandstone formations (Holloway and Savage, 1993; Hester and Harrison, 2010).

However, to sustainably manage reservoirs, either for resource extraction or stor-

age, an extensive knowledge on how they will evolve throughout their lifetimes

under various changing conditions is needed. For example, the removal or the addi-
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Figure 2.1: The distribution of known sandstone hydrocarbon reservoirs on Earth (Ehren-
berg and Nadeau, 2005).

tion of fluids from a reservoir, can change the in-situ stress conditions and chemical

environment at depth, and these changes can lead to both elastic (recoverable) and

inelastic (permanent) deformation occurring within the reservoir and the surround-

ing rocks. The deformation occurring at depth within the crust, may express itself as

surface subsidence which may be accompanied by fault formation (or reactivation)

and seismicity, which in populated areas is not desirable. It is therefore of great im-

portance that scientists and geoengineers learn how sandstone deformation occurs

and how the deformation mechanisms change as a result of different imposed envi-

ronmental conditions. Only with an in-depth knowledge of sandstone deformation,

can accurate models and predictions be made regarding sandstone reservoirs, which

have the potential to alter future reservoir management schemes for the better.

2.1.2 Stress conditions in the crust

For a rock buried within the crust, the weight of the overlying rock creates an over-

burden pressure given by P(z) = ρgz , where ρ is the overlying rock’s density, g is

the acceleration of gravity and z is the depth. With the mean density of continental

crustal rocks being 2800 kg/m3 (Christensen and Mooney, 1995), the overburden

pressure at 1 km depth would be 27.5 MPa. This value is thought to remain rel-

atively constant throughout the upper crust and a pressure gradient of 25-30 MPa

per kilometre is generally accepted (Scholz, 2002). In addition to the isotropic
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overburden pressure, superimposed tectonic stresses are responsible for the non-

isotropic stress state within the crust and any corresponding deformation observed.

In this thesis, the maximum, intermediate and minimum principal stresses will be

referred to by σ1,σ2 and σ3 respectively and all compressional stresses will be pos-

itive.

Water and other fluids are known to be present in large quantities within the crust

and it is thought that at depths greater than only a few hundred metres the rocks are

fully saturated (Scholz, 2002; Heap et al., 2009a). This fluid has a large impact on

the behaviour of the rocks under stress, due to a change in the physical conditions as

well as the fluid-rock chemical interactions (Baud et al., 2000a). As depth increases

within the crust, the amount of overlying water in the water column also increases.

The additional fluid weight pressurises the water in the pore space, which exerts

a pressure on the surrounding rock. This pressure is termed the pore fluid pres-

sure, (Pp), which produces a hydrostatic stress acting normal to the grain boundary

surface (Guéguen and Palciauskas, 1994). The pore fluid pressure acts against the

overburden pressure and the net result is the effective pressure (Peff). The com-

bination of the three principal compressive stresses and the pore pressure can be

expressed as the effective mean stress (P), and is given by (σ1+2σ3)/3−Pp.

It is well documented that the temperature in the Earth increases with depth and

within continental crust the average value is 25◦C/km (Chapman, 1986). How-

ever, the Earth’s geotherm depends greatly on the tectonic setting, in stable con-

tinental cratons and in subducting slabs the geothermal gradient can be as low

as 15◦C/km, but it can be as high as 100◦C/km in continental rifts and ocean

spreading ridges (McCulloch and Gamble, 1991). This increase in temperature with

depth can change many of the mechanical and chemical processes occurring in the

crust.
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2.2 Experimental Deformation of Sandstone

For porous sandstones, an increase in effective pressure causes a transition to occur

from shear localisation and brittle faulting at low effective pressures to grain crush-

ing and compaction at higher effective pressures (Wong et al., 1997), and these

different deformation regimes are refereed to as the brittle and ductile regimes re-

spectively.

2.2.1 The brittle regime

Laboratory experiments have demonstrated that the behaviour of porous rocks

(porosity > 5% ) in the brittle regime is similar to that of low porosity rocks, in

that microcracking will initiate at a yield stress and once the microcracks become

pervasive enough, they will coalesce causing shear localisation and brittle failure

(Fossen, 2010; Scholz, 2019). Figure 2.2 demonstrates for a series of constant

strain rate experiments on Bentheim sandstone, how the peak differential stress and

therefore the strength of the rock increases with increasing effective pressure. The

post peak behaviour is of strain softening, where the amount of stress required to

continue straining the sample decreases and this occurs as a result of the growing

number of microcracks which are starting to coalesce forming a macroscopic shear

fault (Paterson and Wong, 2005).

In addition to the peak stress, another stress value which is of importance in the

brittle regime is the stress at the onset of inelastic deformation, which due to the

growth of microcracks also marks by the onset of dilatancy. The differential stress

value at the point of yield is often termed C′, and through gathering the values

of C′ at different effective pressures and plotting them in effective mean stress vs

differential stress space a brittle yield envelope can be constructed. Figure 2.3 shows

the onset of dilatancy and peak stresses for a range of sandstones and the linear

increase of both C′ and peak stress with increasing effective mean stress is consistent

with the Mohr-Coulomb failure criterion.
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Figure 2.2: Axial strain plotted against differential stress for a range of effective pressures
for Bentheim sandstone (Klein et al., 2001).

Figure 2.3: Peak stress (solid) and the onset of dilantancy (open) are shown in P (effec-
tive mean stress) and Q (differential stress) space. This produces the failure
envelope for brittle failure (Wong et al., 1997).
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2.2.2 The ductile regime

Compactive deformation through grain crushing and the associated porosity reduc-

tion is a process which is unique to porous rocks (Menéndez et al., 1996). Despite

the fundamental microscopic processes causing grain crushing being the growth of

microcracks, no macroscopic dilatancy or shear localization is present and there-

fore this deformation regime is referred to as the ductile regime of sandstone de-

formation. While the induced microcracking in the brittle regime causes dilatancy

and a volumetric increase, the grain crushing and porosity reduction in the duc-

tile regime leads to compaction and a volumetric decrease. Figure 2.4 shows that

samples of Adamswiller sandstone deformed at an effective pressure up to 40 MPa

failed through shear localisation, and those deformed above 40 MPa accommodated

strain through cataclastic flow. At the lower effective pressures of 5 and 20 MPa,

the samples experienced net dilation during the experiment, whereas at the higher

effective pressures of 40 MPa and above the samples experienced net compaction.

Although the sample deformed at an effective pressure of 40 MPa experienced net

compaction, it did still fail through shear localisation, which suggest that this sam-

ple was in transition between the two mechanisms and failed through a compactive

shear band.

Strain localisation is commonly observed in the brittle regime of sandstones through

shear faulting. However, strain localization in the ductile regime is a more complex

phenomenon and does not occur in all sandstones. Darley Dale and Berea sand-

stones are both examples of common laboratory sandstones that when deformed in

their respective ductile regimes exhibit diffusive grain crushing and cataclastic flow

(Menéndez et al., 1996; Wu et al., 2000). This is in contrast to other sandstones

including Bentheim, Diemelstadt and Bleurswiller sandstone, which all show ev-

idence for localised compactive strain (Olsson and Holcomb, 2000; Baud et al.,

2004a; Heap et al., 2015). In the laboratory, localised compactive structures tend

to form as bands of reduced grain size and porosity which run perpendicular to the

direction of maximum compressive stress and are termed compaction bands. At ef-
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Figure 2.4: Porosity change for dilatant (<40 Mpa) and compactant regimes (>40 Mpa)
in Adamswiller sandstone. A positive porosity change means a reduction in
porosity in this plot (Wong et al., 1997).

fective pressures fully in the ductile regime, compaction bands typically show little

to no shear, and if being formed under constant strain rate conditions, compaction

band formation can be associated with small stress drops (Baud et al., 2006). Fig-

ure 2.5 shows the transition from brittle failure to the ductile regime for Bleurswiller

sandstone, with Photograph (a) showing localised shear fracturing and Photographs

(b, c, d) showing the formation of compaction bands, with the number of com-

paction bands increasing with increasing axial strain.

The transition from brittle shear localisation to ductile compaction does not occur at

a sharp boundary and there is an effective pressure range where both processes are

occurring in tandem. Under laboratory triaxial conditions, structures formed in the

transitional pressure range share properties of both deformational regimes and in

the literature are often refereed to as shear enhanced compaction bands (Mair et al.,

2002; Ballas et al., 2013; Charalampidou et al., 2014). Shear enhanced compaction
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Figure 2.5: Photographs of samples of Bleurswiller sandstone triaxially deformed at a
range of effective pressures. (a) Deformed while at an effective pressure of
10 MPa until a shear fracture occurred. (b, c, d) Deformed while at an effec-
tive pressure of 10 MPa, to axial strains of (b) 1.5%, (c) 3%, and (d) 13%. A
schematic sample drawing, highlighting the main features, is given next to each
photograph; specific features are however difficult to distinguish on the sample
taken to 13% strain due to the density of compaction bands (Heap et al., 2015).

bands (SECBs) tend to be angled at similar angles to shear fractures, however, the

amount of shear strain is much less than in a shear fracture due to some of the strain

being accommodated by grain crushing and granular flow. The angle of the SECBs

tends to become closer to that of pure compaction bands with increasing effective

pressure (Bésuelle, 2001).

As in the brittle regime, the onset of inelastic deformation in the ductile regime is

a stress value which is of great importance and under triaxial stress conditions it is

termed C∗. Figure 2.6 shows for a range of sandstones the effective mean stress (P)

and differential stress (Q) at both the onset of compaction in the ductile regime and

at peak stress in the brittle regime. The yield envelope that this style of plot produces

is useful for determining what mode of deformation is expected to occur at a given

effective pressure. When the gradient of the cap is positive, brittle failure is domi-

nant and when the gradient is negative, ductile behaviour is dominant. This means

that the brittle to ductile transition is represented by the highest differential stresses

and the change in gradient of the data. In general, at a given effective pressure a

lower initial porosity requires a greater differential stress to initiate compaction and

to a lesser degree, brittle failure (Wong and Baud, 2012a).
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Figure 2.6: The peak stress (open) and the onset of compaction (closed) shown in the stress-
space for 8 sandstones with varying porosities, (a) 13%-23%, (b) 20%-35%
(Wong and Baud, 2012a).

Another stress value which is of key importance when discussing sandstone defor-

mation is the hydrostatic grain crushing pressure, P∗. This pressure refers to the

maximum hydrostatic pressure that a porous rock can support before grain crush-

ing is initated and compaction occurs. As shown in Figure 2.7, Wong et al. (1997)

empirically demonstrated that if the values of C∗ at various effective pressures are

normalised by the respective P∗ value for each sandstone, then within typical labo-

ratory error, several types of sandstone fit on the same yield envelope.
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Figure 2.7: Peak stress (closed) and the onset of compaction (open), both normalised by
the value of P∗ shown in the PQ stress space for several sandstones. Image
modified from (Wong et al., 1997).

2.3 Sandstone Deformation in the Field

The purpose of experimental rock deformation is to replicate the conditions found

within the Earth’s crust and establish how these conditions relate to different de-

formation mechanisms found in rocks. Scaling issues in regards to both size and

time are often seen as the limiting factor in the accuracy of rock deformation ex-

periments, however if comparisons can be seen between field and laboratory based

observations, then it assists in the validity of the conclusions drawn from laboratory

experiments.

Sandstones in the field are often subjected to many episodes of deformation, which

can involve many perturbations of stress magnitudes and orientations. This makes

determining what geological structure is associated with each deformation episode



50 Current Knowledge on Sandstone Deformation

challenging. It also means that the ‘starting’ material in nature is rarely in an ide-

alised undeformed state. Nevertheless, parallels can be drawn between what is ob-

served in the laboratory and what is found in nature. In the upper crust, sandstones

will undergo faulting when subjected to a great enough differential stress. However,

it is common that prior to large scale slip along a fault, the initial portions of strain

are accommodated through structures termed deformation bands (Antonellini and

Aydin, 1994; Fossen et al., 2007). Deformation bands cover a wide range of struc-

tures, including shear enhanced compaction bands and pure compaction bands, but

typically are no more than a few millimetres thick and have a maximum shear dis-

placement of a couple of centimetres. Deformation bands often form in high density

clusters which can be up to several meters thick (Soliva et al., 2016). Larger scale

faults in sandstone, which can accommodate up to tens of metres of slip, often form

within deformation band clusters (Aydin, 1978), as these are thought to represent

points of weakness or the area of highest stress within the rock. Deformation bands

can also make up parts of the damage zone surrounding faults. For example, it has

been observed that pure compaction bands, with no shear offset, have been formed

in the compressive quadrant surrounding faults and these tend to form perpendicular

to direction of slip on the fault (Mollema and Antonellini, 1996).

When observed in the field, as shown in Figure 2.8, deformation bands and com-

paction bands will often be prominent features that protrude from the surrounding

host rock. This feature is a result of deformation bands being preferential sites

for cementation, which makes them harder and more resistant to erosion than the

surrounding rock (Fossen, 2010).

The deformation bands present on the Earth’s surface today are only visible due

to uplift and exhumation and it is often hard to accurately determine the burial

depth at the time of formation. It is estimated that the maximum burial depth of

the Aztec sandstone in the USA, which is home to the most famous and studied

deformation bands in the world, is at maximum 3 km and is probably closer to

1 or 2 km (Sternlof et al., 2005; Schultz et al., 2010; Fossen et al., 2011). From

laboratory data, these depths would have effective pressures which are on the lower
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Figure 2.8: Sets of deformation bands, showing prominence from the host rock, (Valley of
Fire National Park, Nevada, USA)
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end of what is feasible for deformation band formation. It should be noted however,

that the majority of laboratory experiments are carried out on well cemented and

sorted sandstones and these tend to be stronger and more resistant to compaction

than poorly sorted and weakly cemented sandstones such as the Aztec sandstone.

In addition, field observations have indicated that compaction bands in the Aztec

sandstone have preferentially formed in areas of highest porosity and grain size

(Schultz et al., 2010). This complements laboratory work which has shown that the

transition from brittle to ductile deformation occurs at lower effective pressures in

higher porosity sandstones (Wong et al., 1997).

An additional factor which is often overlooked when comparing laboratory and field

data is the influence of time and fluids on sandstone deformation and how if given

enough time, sandstone can readily deform at stresses lower than conventionally

perceived (Heap et al., 2015).

2.4 Rock Behaviour under Stress

So far, the behaviour of sandstone under stress has been discussed from a mainly

qualitative viewpoint, with little on the actual theory behind the microscopic pro-

cesses occurring. While the macroscopic deformation processes of the brittle and

ductile regimes are different, it is the growth of microcracks which dominates de-

formation in both regimes (Paterson and Wong, 2005; Wong and Baud, 2012a). The

subsequent sections will discuss the physics behind crack propagation and how this

relates to sandstone deformation.

2.4.1 Cracking in rocks

In porous sandstones, the macroscopic response to microcracking varies as a func-

tion of burial depth. However, many of the processes controlling microcrack growth

are governed by the same physical and chemical laws regardless of depth. If a dif-

ferential stress is applied to a rock, brittle microcracking will occur once a critical

level of stress is achieved (Paterson and Wong, 2005) and with the continued appli-
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cation of stress, the pervasive number of microcracks will coalesce to form a larger

fracture which can be on the scale of a grain, sample, outcrop or even larger (Brace

et al., 1966; Kranz, 1983; Lockner et al., 1991). The different scales in which crack-

ing occurs results in there being multiple different modelling approaches to explain

how cracks or fractures nucleate and grow.

The Coulomb criterion utilises the applied maximum and minimum principal

stresses along with empirically derived frictional properties to calculate when a

macroscopic fracture will form. The second method builds on Griffith (1921) the-

ory and involves the understanding of the microscopical processes governing crack

growth, and how an external stress field can cause a microcrack to propagate only

when thermodynamically feasible.

2.4.1.1 Coulomb failure criterion

The Coulomb failure criterion will only be briefly described in this document; how-

ever, it is perhaps the simplest method used to explain the fracture of a rock or a

grain once a critical stress level is reached. In this empirically derived criterion, the

brittle failure of a rock is presumed to occur on a plane as a result of the applied

shear stress, τ , overcoming the cohesion of the material, c, and the internal frictional

forces µ×σ , so that failure will occur when,

τ = c+µσ , (2.1)

where µ is the coefficient of internal friction and σ the normal stress acting on the

plane (Rutter and Glover, 2012). The aforementioned coefficient of internal friction

is not the same as the conventional observed coefficient of friction and instead refers

to the forces which resist fracture on an imaginary intact internal plane (Jaeger et al.,

2007). Although, research has shown that the resistive forces are in fact a conse-

quence of frictional forces on microcracks within the material (Savage et al., 1996).

Graphically, the Coulomb failure criterion can be expressed on a Mohr diagram (see

Figure 2.9), where macroscopic failure of the rock or grain will occur if a semicircle
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generated by the maximum and minimum principal stresses touches the failure line

(AL). The Mohr-Coulomb diagram also captures the importance of the confining

pressure magnitude on general rock strength, as depicted in Figure 2.2. As Figure

2.9 shows, if a higher value of σ3 is applied, then σ1 must also be increased, so that

the semicircle still touches the failure line.

Figure 2.9: A Mohr diagram representing the Coulomb failure criterion.

Although the Coulomb failure criterion can be used to relate the applied stresses to

the failure of a rock, it neither describes nor quantifies any of the fundamental me-

chanical processes which are facilitating rock deformation on the microscale.

2.4.1.2 Griffith theory and crack growth

Brittle fracture of a material occurs as a result of the growth and eventually coa-

lescence of microcracks (Brace, 1960; Lachenbruch, 1961; Brace and Bombolakis,

1963). The presence of preexisting flaws or microcracks is of key importance when

discussing the deformation of materials, because the calculated theoretical strength

of a material is orders of magnitude higher than what is observed in experiments. It

is only due to stress concentrations generated around the tips of microcracks which

allows materials to deform at the observed stresses (Orowan, 1949). Calculating

the conditions at which a single microcrack will grow is therefore of fundamental

importance if micromechanical models are to be constructed which describe the de-

formation of materials. Griffith theory adopts a thermodynamical approach, which

is founded on the principle of the conservation of energy, and states that a crack will
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only propagate if the energy added to a system is the same as that dissipated during

crack extension. For a microcrack of length c to grow in length to c+ δc under a

given tensile stress T , the total energy,Etotal , of the system must decrease, where the

system comprises of three energy sinks, which are:

1. The change in the potential energy of the loading system,

2. The surface energy of the new crack length generated,

3. The change in elastic strain energy of the body,

and can be expressed mathematically as:

(
δEtotal

δc

)
T
=

δEloading

δc
+

δEsur f ace

δc
+

δEelastic

δc
= 0. (2.2)

It is beyond the scope of this project to show the full workings behind the solving

of equation (2.2), which can be found in (Jaeger et al., 2007). However, the basic

mathematical framework will be discussed.

The simplest method of solving the above energy budget Equation, is to do so for

a singular thin crack being pulled apart by a tensional force perpendicular to the

cracks major axis. This can be done by considering a rock specimen of unstrained

length L0, width w and thickness t, which contains a thin crack of length 2c. A

mass of mass m is attached via a pulley system to the top of the sample, so that the

mass has a height of h above a reference point and this mass can fall under gravity

imparting a tensional stress within the sample given by T = mg/wt. A set up of this

can be seen in Figure 2.10.

The gravitational potential energy of the suspended mass represents the potential

energy of the loading system and any loss in height of the mass is due to the exten-

sion of the sample. The instantaneous length of the sample, L, can be related to the

strain, ε , of the sample by,

ε =
L−L0

L0
, (2.3)
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Figure 2.10: A crack under tension due to a constant load within a body of rock.

and with the strain of the sample being linked to the imposed stress and the Young’s

modulus, E, by ε = T/E, the instantaneous length can be given by,

L = L0

[
1+

T
E

]
. (2.4)

This means the first derivative of Equation (2.2) can be given by,

δEloading

δc
=

(
δEloading

δh

)(
δh
δL

)(
δL
δE

)(
δE
δc

)
= (mg)(−1)

(
−L0T

E2

)(
−Em4πc

wL0

)
,

(2.5)

where Em is the effective Young’s modulus and provided the crack is small com-

pared to rocks dimensions can be given by E = Em[1− (2πc2/Lw)] (Jaeger et al.,

2007), which results in the effective Young’s modulus being only slightly greater

than the actual Young’s modulus, so in effect E ≈ Em. This means the final change
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in the loading system potential energy can be given by,

δEloading

δc
=−4πcT 2t

Em
. (2.6)

The surface energy of a new crack surface with surface areas A would be Aγ , where

γ is the surface energy per unit area. If the crack passes through the full thickness of

the rock sample then the surface area would be 4ct, meaning that the total surface

energy change can be given by,

δEsur f ace

δc
= 4γt. (2.7)

The elastic strain energy stored within the rock can be given by T 2wLT/2E (Jaeger

et al., 2007), and provided the strains are small, this value does not increase much

with imposed stress, meaning that the original length can be used to compute the

final derivative in Equation (2.2) using,

δEelastic

δc
=

(
δEelastic

δE

)(
δE
δc

)
=

(
−T 2wL0t

2E2

)(
−4πEmc

wL0

)
≈ 2πT 2tc

Em
.

(2.8)

With the three derivatives expressed in quantitative terms, Equation (2.2) now

yields, (
δEtotal

δc

)
T
=−4πcT 2t

Em
+4γt +

2πT 2tc
Em

= 4γt +
2πT 2tc

Em
= 0.

(2.9)

Therefore at a constant value of applied stress, the derivative of total energy of the

system will be negative for small cracks and positive for large cracks. It therefore

follows that under constant stress there is a critical crack size ,c∗, at which cracks

are thermodynamically able to grow, given by:
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c∗ =
2γEm

πT 2 , (2.10)

or conversely, at a given crack length the tensile stress required for crack growth

can be given by:

T ∗ =

√
2γEm

πc
, (2.11)

or in the case of a three dimensional penny-shaped crack (Jaeger et al., 2007),

T ∗ =

√
πγEm

4(1−ν2)c
, (2.12)

where ν is the Poisson ratio of the rock.

2.4.1.3 Linear elastic fracture mechanics

While Griffith theory states that a microcrack of a given length is thermodynami-

cally able to propagate once a critical stress is reached, a different approach is re-

quired to establish how the stress field varies around a crack as a result of different

stress configurations.

There are three modes of crack growth which can occur as a result of a stressed

crack, as shown in Figure 2.11, and the mode of deformation or distortion is con-

trolled by the direction and magnitude of the external stress field in respect to the

cracks orientation. Mode I cracks are extensional cracks and grow normal to the

surface of the crack. Mode II is the sliding mode, where the shear stress is parallel

to the crack plane but perpendicular to the crack front. Mode III is the tearing mode,

where the shear stress is parallel to the crack plane and perpendicular to the crack

front.

The mode of fracture is primarily determined by the stress direction in relation to

the crack orientation. It is therefore desirable if the local stress tensor around a crack

tip can be determined. Mathematically, the local stress tensor for each deformation
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Figure 2.11: The three modes of distortion at a crack trip due to stress: (I) displacement
normal to crack plane, (II) displacement parallel to crack plane, but normal to
crack edge, (III) displacement parallel to both crack plane and to crack edge.
Figure modified from (Paterson and Wong, 2005).

mode can be computed by creating a polar coordinate system based on the focal

point of the crack, as seen in Figure 2.12, combined with a scaling factor. This

scaling factor is named the stress intensity factor and is different for each mode of

deformation. Depending on deformation mode, the stress intensity factor is denoted

by KI,II,III and its value depends on the geometry of the crack tip as well as the

applied stress. The full workings to determine the stress tensor around a crack can

be found in (Jaeger et al., 2007), however in the simplest form, the stress tensor can

be given by,

σi j = K(2πr)−1/2 fi j(θ), (2.13)



60 Current Knowledge on Sandstone Deformation

where K is the stress intensity factor, r is the distance from the crack tip and θ is

the angle measured from the crack plane as shown in Figure 2.12.

Figure 2.12: The stress field at a crack tip in cartesian coordinates, and in polar coordinates,
modified from (Lawn and Wilshaw, 1993).

From Equation (2.13) it can be seen that components of the stress tensor would tend

to infinity as the distance from the crack tip approached zero. Having a theoretical

infinite stress at the crack tip makes any model based on the local stress tensor

effectively meaningless and instead models which are based on the stress intensity

factor are much more astute. In reality, plastic processes at the crack tip ensure that

the stress is not infinite, but this would be extremely difficult to model and would

require extensive knowledge of atomic scale plastic processes. Each stress intensity

factor is dependent on the remotely applied stress field, σ , and the crack geometry.

For the case of a penny-shaped mode I crack under a remote uniform tensional

stress,

KI = T
√

πc. (2.14)

For a crack to propagate there must be sufficient energy released to create the new

surface area of the crack as shown by Equation (2.9) and this can only occur once a
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high enough local stress is achieved. The stress intensity factor can be substituted

into Equation (2.9) to show that the energy released as a function of an extensional

crack growth is

δEreleased

δc
=

2K2
I t

E
. (2.15)

The energy release rate, G, is defined as the energy released per unit thickness of

the crack, and with half the energy going to crack growth to the right and half to the

left, it can be expressed mathematically as,

G =
1−ν2

E
K2

I . (2.16)

Furthermore, the critical value of stress required to propagate a crack as shown in

Equation (2.11) can be replaced by the stress intensity factor which has a critical

value KIC, which can expressed as

KIC =
√

2γE. (2.17)

If fed back in to Equation (2.16), a critical value of the energy release rate, Gc is

produced, which also equates the surface energy of the two new surfaces created,

so that

2γ =
1−ν2

E
K2

IC = Gc. (2.18)

As noted by Irwin (1958) the crack growth in materials is not just a perfect open-

ing of a new surface and in reality the propagation of a crack is accompanied by

localised plastic deformation around the crack tip, as well other energetic processes

such as the release of elastic waves. Irwin (1958) proposed that a new construct

termed the fracture toughness be introduced, Γ, which incorporates the surface en-

ergy, 2γ , plus these additional dissipative processes.
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2.4.2 Inducing fractures

The previous section demonstrated mathematically how a tensional stressed micro-

crack can propagate once the critical value of the stress intensity factor has been

reached so that KI = KIC. However, the stress intensity factor still remains a theo-

retical construct and is not a quantity that can be directly measured. Further models

are required to establish how the interaction between a remotely applied load and

microcracks of different geometries translates to a local stress intensity factor. In

porous rocks, three main models have been proposed to capture how a microcrack

can grow within a rock grain. The first two of these result in the eventual coales-

cence of grains and large fractures, whereas the third corresponds to grain crushing

and compaction.

2.4.2.1 Pore-emanated crack model

In the pore-emanated model of Sammis and Ashby (1986), the stress concentrations

required to facilitate a stress intensity factor which surpasses the critical value are

generated by microcracks located on a pore interface in the rock. A schematic of

this model is displayed in Figure 2.13 and represents an elastic medium populated

with a random distribution of circular pores with radius r. Under an applied external

uniaxial stress, the stress intensity factor on the pore wall will increase until the crit-

ical value KIC is reached, at which point microcracks will propagate in the direction

of the applied stress. The stress intensity factor at the tip of this extending crack

is a function of the applied stress, porosity φ , pore radius r and crack extension `

(Baud et al., 2014). Once the microcracks reach a critical length, the crack density

is great enough that crack coalescence can occur and larger fractures can form. This

model is based on a uniaxially stressed rock, and numerical studies have shown that

uniaxial compressive strength can be predicted by (Zhu et al., 2010),

σu =
1.325
φ 0.414

KIC√
πr

, (2.19)

where σu is the uniaxial compressive stress of the rock (Zhu et al., 2010). Lab-
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oratory experimental data has shown that this model provides a reasonable fit for

calculating the uniaxial compressive strength of several limestones and sandstones

(Baud et al., 2014). Further work by Sammis and Ashby (1986) explored how the

pore-emanated model performed under biaxial stress conditions and it was found

that even under a reasonably low confining stress, the growth of microcracks was

inhibited. This suggests that for rocks buried within the crust the pore-emanated

model is likely of little significance.

Figure 2.13: The evolution of the pore-emanated model in a uniaxially stressed material
(Sammis and Ashby, 1986).

2.4.2.2 Sliding wing crack model

The sliding wing crack model is based on the concentration of stresses around pre-

existing microcracks within a body (Brace et al., 1966; Ashby and Sammis, 1990;

Kemeny and Cook, 1991). The requirement of the model states that sliding will

occur on a pre-exisiting shear crack when the traction forces resulting from an im-

posed stress overcome the cracks frictional forces. The sliding will impose a ten-

sional stress at the crack tip and when the stress intensity at the crack tip reaches the

critical value then a mode I crack will propagate at an angle away from the preexi-

sisitng microcrack. The preexisting cracks have a length of 2c and are oriented at an

angle ζ from the maximum compressive strength. Cotterell and Rice (1980) com-
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Figure 2.14: A wing crack propagating from a sliding preexisting crack.

puted that a wing crack will nucleate at an angle of θ = cos−1 1/3 which equates to

70.5o at the following stress state,

σ1 =
sin2ζ +µ(1+ cos2ζ )

sin2ζ −µ(1− cos2ζ )
σ3 =

√
3

sin2ζ −µ(1− cos2ζ )

KIC√
πc

, (2.20)

where µ is the coefficient of friction of the preexisting crack and θ is angle be-

tween the maximum compressive stress and wing crack growth, as depicted in Fig-

ure 2.14.

The initiation of wing crack growth, marks the yield stress and the onset of inelastic

deformation. Furthermore, due to the opening of new cracks it is associated with

the onset of dilatancy of the rock mass. For a rock with randomly orientated pre-

existing microcracks, the wing cracks will first form on microcracks orientated at

ζ = 0.5tan−1 (1−µ) at the following stress state (Nemat-Nasser and Horii, 1982;

Baud et al., 2014; Wong and Baud, 2012b),
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σ1 =

√
1+µ2 +µ√
1+µ2−µ

σ3 +

√
3√

1+µ2−µ

KIC√
πc

. (2.21)

The wing crack model mathematically conveys how at higher confining pressures a

greater maximum compressive stress is required to overcome the frictional forces.

Eventually, the maximum compressive stress required to overcome the frictional

forces will be great enough that the individual grains are unable to support the stress

and will fracture through a different process termed hertzian fracturing.

2.4.2.3 Hertzian fracturing

Hertizan fracturing (Hertz, 1881) is a consequence of the concentrated stresses gen-

erated at the point of contact between an indenter and another body (Frank and

Lawn, 1967; Lawn and Wilshaw, 1975). In rock mechanics, hertzian contacts oc-

cur at interface between two spherical grains within a porous rock. From contact

mechanics (Johnson and Johnson, 1987), the stress imparted on a spherical grain

surface is a function of the area of contact between the two grains, a, which is given

by,

a =

[
3(1−ν2)FR

4E

] 1
3

, (2.22)

where E is the Young’s modulus, ν the Poisson’s ratio, F the normal force acting on

the contact surface and R the radius of the grain as shown in Figure 2.15. The com-

pression at the grain contact generates tensional stresses at the edge of the contact

σr and this stress is given by,

σr =
(1−2ν)

2
F

πa2 . (2.23)

Once more it is the preexisting microcracks which provide the stress concentrations

required to achieve a high stress intensity factor. For an initial microcrack length

c, which is much smaller than the grain size, the stress intensity factor is given by

(Frank and Lawn, 1967),
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Figure 2.15: A schematic diagram of a hertzian contact and the induced stresses, modified
from Zhang [1990].
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KI = 1.12σr(πc)
1
2 , (2.24)

and when the stress intensity factor reaches the critical value the crack will prop-

agate. Once a crack propagates sufficiently, the contact area between two grains

would be reduced, causing a greater stress concentration and a run away stress in-

crease will occur, causing the complete fracturing of a grain. Equations (2.24) and

(2.23) can be combined to establish that the critical normal force, Fc, is,

Fc

E
= 17.84

(1−ν2)2

(1−2ν)3

(
KIC

Ec1/2

)3

R2. (2.25)

This calculated force however, still corresponds to a local stress and is not of much

use when determining the far field stress required to cause grain crushing. Zhang

et al. (1990) modified earlier models, which demonstrated that for an isotropically

compressed randomly packed distribution of spheres, the magnitude of force at the

grain contact varies as a function of the effective pressure (Pe f f ), so

F = 8.1φ
3/2R2Pe f f , (2.26)

where φ is the rocks porosity. By substituting Equation (2.26) into Equation (2.25),

this force model allows the calculation of the maximum hydrostatic stress that a

grain can support, which is given by,

P∗ = 2.2
(1−ν2)2

E2(1−2ν)3
K3

IC

(φc)3/2 . (2.27)

Furthermore, Zhang [1990] showed that it is a reasonable assumption to state that

the preexisting crack length scales with grain size and that the hydrostatic grain

crushing pressure is proportional to the grain size and porosity, so that

P∗ ∝ (φR)−
3
2 . (2.28)
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Experimental work has shown that in general this relationship provides a good esti-

mate in computing the value of P∗.

The value of P∗ corresponds to the maximum hydrostatic stress that a rock can sup-

port before grain crushing and compaction will occur. However the same fracturing

principles apply to a triaxial stress state, and grain crushing will occur if hertzian

fracturing occurs prior to the activation of sliding wing cracks. It is the transition to

hertzian fracturing from wing crack growth which is observed macroscopically as

the transition from the brittle regime to the ductile regime.

2.5 Effects of Time and Fluid

Rocks within the Earth’s upper crust are often saturated with fluid and this fluid can

alter the way in which rocks deform. Broadly speaking, the manner in which fluid

impacts rock deformation can be split into three categories: the mechanical influ-

ence of fluids, the chemical influence of fluids on fracturing, and fluid driven defor-

mation through intergranular pressure solution. The mechanical influence of fluids

is predominately based on the concept of effective pressure, whereas the chemical

influence of fluids is a consequence of the chemical environment altering the stress

levels required for deformation.

2.5.1 The mechanical influence of fluids

Terzaghi’s Principle was an empirically derived conclusion based on experiments

studying soil mechanics and it states, ‘when a rock is subjected to a stress, it is

opposed by the fluid pressure of pores in the rock, ’ (Terzaghi, 1943). From this,

the effective pressure of a fluid filled rock, is simply the confining pressure minus

the pore pressure. Experimental and theoretical evidence has shown that there is

often a need for a correction factor to Terzaghi’s Principle, so that

Pe f f = Pc−αPp, (2.29)

where Pc and Pp are the confining pressure and pore pressure respectively and α is
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the effective pressure coefficient, which has a value of between 0 and 1. Baud et al.

(2015) and others have demonstrated that the effective pressure coefficient is not

only material specific but also varies for each property of the rock. For example,

the effective pressure coefficient could be different if being applied to the inelas-

tic deformation of a rock or that same rock’s permeability. Through experiments

on Bleurswiller sandstone, Baud et al. (2015) concluded that the effective pressure

coefficient for inelastic deformation was 0.945 in the brittle regime and 0.96 in the

ductile regime. As this and other work has shown that the effective pressure coeffi-

cient of sandstone is generally approaching unity, it is appropriate in this document

to use Terzaghi’s Principle when discussing the effective pressure.

Using Terzaghi’s effective pressure law, it can see that the increase or decrease

in pore pressure would impact both the brittle and ductile regimes of sandstone

deformation. The hydrostatic nature of a pore pressure causes the normal stress

acting upon a point within a saturated rock to be altered to σn−αPp. In contrast, the

shear stress at that same point is unaltered (Paterson and Wong, 2005). As discussed

in Section 2.4.1.1, the Coulomb failure criterion demonstrates that fracture will

occur when the shear stress imparts a traction which is great enough to overcome

frictional forces plus the materials cohesion. As the frictional forces at a given point

are dependent on the normal stress at this point, adding a pressurised pore fluid will

reduce the shear stresses required to cause fracture.

In contrast to the brittle regime, an increase in pore pressure will act to suppress in-

elastic deformation occurring in the ductile regime. Equation (2.23) demonstrated

that hertzian fracturing can occur as the result of the stress, σr, induced at the con-

tact point of two grains under pressure. The normal stress imposed by the increased

pore pressure will act against σr, meaning that a greater external stress is required to

cause hertzian fracturing at higher pore pressures. On the contrary, if the pore pres-

sure is reduced then compaction can occur through hertzian fracturing at a lower

value of applied external stress and this is the fundamental principle behind reser-

voir compaction due to the removal of pore fluid.
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2.5.2 The chemical influence of fluids on fracturing

In addition to the mechanical weakening effect of a fluid, the chemical influence

of water (the most common fluid in the crust) is generally agreed to enhance rock

deformation at a given stress. The effect of the fluid-rock chemical interactions on

rock deformation is primarily thought to be be three fold. Firstly, the chemical inter-

actions can weaken a rock be due to the reduction of surface free energy (Orowan,

1949). Secondly, the presence of a aqueous phase enables rock deformation through

pressure solution, and thirdly, in the presence of a chemically reactive fluid the rate

of subcritical cracking processes such as stress corrosion is increased.

2.5.2.1 Reduction in surface energy

In quartz, a fracture grows as a result of the breaking of Si-O bonds within the

crystal lattice and this leaves free bonds exposed at the surface of the fracture

(Hochstrasser and Antonini, 1972). Hydroxylation of these chemically active free

bonds will readily occur in the presence of water vapour or liquid water, which in

turn will absorb additional water molecules as shown in Figure 2.16. The hydrox-

ylation of free bonds and absorption of water molecules has been experimentally

shown to lower the thermodynamic surface energy by a factor of at least 2 to 4

(Parks, 1984), and as discussed in Section 2.4, the surface free energy (γ) con-

tributes to the fracture toughness of a microcrack. To satisfy Griffith’s criterion,

the energy released from crack propagation must be great enough to overcome the

surface energy of the newly formed surfaces, so a reduction in the surface energy

means that less energy is required to cause fracture.

Baud et al. (2000a) performed a series of triaxial experiments on several sandstones

at effective pressure conditions spanning the ductile regimes of each sandstone,

while either dry or saturated with water. Figure 2.17 shows how the stress strain

curve for Berea sandstone was altered due to the effect of water and at all effective

pressures used, the water saturated sample was markedly weaker compared to the

dry sample. The authors concluded that the water saturation resulted in a reduction



2.5. Effects of Time and Fluid 71

Figure 2.16: The hydroxylation of the surface of a quartz crystal and a reduction of surface
free energy (Parks, 1984).

of the surface energy and therefore a lowering of KIC, which in turn means a lower

external stress field would be needed to ensure inelastic deformation occurs. This

can be expressed by a modified version of Equation (2.18) to include a wet surface

energy, γw, so that,

2γW =
1−ν2

E
K2

ICW = GCW , (2.30)

where KICW and GCW correspond to the new reduced critical values of the stress

intensity factor and energy release rate respectively (Baud et al., 2000a).

2.5.3 Intergranular pressure solution

Pressure solution is the name given by geologists to describe enhanced grain bound-

ary diffusive mass transfer in the presence of an aqueous phase (McClay, 1977; Rut-

ter, 1983; Renard et al., 1999). When a rock is subjected to a compressive stress,

the normal stress acting on or within each individual grain or grain boundary is not

equal. The heterogeneous stress distribution at grain boundaries results in a chem-

ical potential gradient from the higher stressed portion of the grain boundary to the
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Figure 2.17: Differential stress plotted against axial strain for wet and dry samples of Berea
sandstone (Baud et al., 2000a).

lower stressed portion (Herring, 1950). The chemical potential can then drive the

transfer of material by diffusion in the aqueous phase from the areas of high normal

stress to the areas of low normal stress (Beach, 1979). The transfer of material due

to pressure solution requires three distinct phases. The first, is the dissolution of

the solid material into the aqueous phase at the point of highest stress, which is of-

ten at grain contacts. The second phase is the diffusion of the material through the

aqueous solution and the third phase is the precipitation of material of low stressed

grain boundaries (Niemeijer et al., 2002). The migration of material due to pres-

sure solution modifies the volume of both the pores and the grains, and this leads

to the accommodation of macroscopic strain. The dissolution and precipitation of

material in phase one and three, can in certain scenarios require complex chemical

reactions between multiple phases of the solid matrix and the fluid. This means that

the precipitated material can be chemically different from that of the starting mate-

rial, which is the fundamental principle behind low grade metamorphism caused by

pressure solution(Beach, 1979; Rutter, 1983).

With pressure solution being a result of three different processes, it means that un-

der variable conditions a different process may be the limiting rate dependent factor.

In general however, for pressure solution to occur there must be a high temperature
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and stress. For quartz based rocks, the estimated temperature range is approximately

150◦C to 600◦C (Niemeijer et al., 2002). Within this temperature range however,

pressure solution is not thought to be largely temperature sensitive phenomenon,

especially if compared to other crustal deformation processes such as dislocation

creep (Rutter, 1976a). This low temperature sensitivity means that strain rates

greater than approximately 10−9s−1 as a result of pressure solution are unlikely.

As at the lower end of the temperature range, subcritical cracking is likely to in-

duce strain rates faster than 10−9s−1 and at the higher end of the temperature range

crystal plasticity will do the same. Laboratory experiments have demonstrated that

for porous sandstones at high effective pressures and at temperatures above 300◦C,

pressure solution may well be the main deformation mechanism at crustal strain

rates, with the majority of strain occurring in the phyllosilicates located between

quartz grains (Rutter and Wanten, 2000).

2.5.3.1 Subcritical cracking

In the previous sections, it was shown that a microcrack will only propagate once

a critical value of the stress intensity factor, KIC, or the energy release rate ,GC),

has been reached. Classical linear elastic fracture mechanics predicts that a crack

will propagate at a velocity close to the Rayleigh wave speed (∼1 km/s) as along

as the stress intensity factor remains above the critical value (Anderson and Grew,

1977a). However, even at stresses corresponding to G < GC, experimental and

theoretical evidence has shown that in the presence of a chemically reactive fluid

i.e. water, cracks are able to propagate at much lower velocities (∼ 10−9 to 10−4

m/s) (Anderson and Grew, 1977a; Atkinson and Meredith, 1987; Lawn, 1993). As

this crack propagation is occurring at stresses below the conventional critical level

it is termed subcritical crack growth.

In the presence of liquid water, the predominant microscopic processes believed

to facilitate subcritical cracking in quartz rich rocks is when a chemical reaction

replaces the relatively strong Si-O-Si bond at the crack tip with a weaker alterna-

tive. In the quartz-water system depicted in Figure 2.18, the strong silicon-oxygen
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Figure 2.18: The basic mechanism for stress corrosion causing subcritical crack growth
(Michalske and Freiman, 1983).

bond is replaced by a much weaker hydrogen bond and due to the weakness of the

newly formed hydrogen bond it can be broken at lower stresses (Atkinson, 1982).

If the stress intensity factor is great enough, the crack can then slowly propagate

through the crystal lattice. The velocity at which the crack propagates is a function

of the energy release rate, as the higher this value, the closer the original Si-O is

to breaking and therefore the easier it is to be replaced (Michalske and Freiman,

1983). This chemical phenomenon is known as stress corrosion and it is thought

to be the main cause of subcritical cracking within quartz based rocks (Anderson

and Grew, 1977a; Atkinson, 1982; Atkinson and Meredith, 1987). Other processes

acting at the microscale including: diffusion, dissolution, micro-plasticity, ion ex-

change and intergranular creep have been shown under certain conditions to occur in

addition to stress corrosion, however their contribution is considered small (Atkin-

son, 1982).
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Experimental observations have shown that the crack growth velocity as a function

of G can be split into three regions as depicted in Figure 2.19. Region I occurs

at values of applied stresses corresponding to 2γ < G < GC, where the velocity is

controlled by the rate of stress corrosion reactions between the material at a crack

tip and the pore fluid (Atkinson and Meredith, 1981). At higher values of G, region

II is reached, where the crack velocity is relatively constant and is controlled by the

rate of diffusion of the reactive fluid. However, in a liquid saturated rock, region II

is thought to be very small or not exist at all (Lawn and Wilshaw, 1993). Region

III is observed with further increases of the stress field towards the critical value of

G and introduces mechanical fracturing into the mineral. In region III, a hybrid of

fast mechanical deformation and chemically driven subcritical cracking is occurring

and this region ends when G equals GIC, at which point a rapid increase in the

crack velocity is observed and dynamic crack propagation can occur (Atkinson,

1980).

Stress corrosion and subcritical cracking have long been of interest to the material

science and geological communities and several different approaches have been

made in an attempt to quantify how the rate of crack growth or deformation varies

as result of the applied stress in different environments. Various attempts; such

as those reviewed in Anderson and Grew (1977b), have been made to combine

theoretical modelling and experimental results with various degrees of accuracy

(Atkinson, 1979). Currently, there are two commonly utilised models which have

concordance with experimental data for region I of Figure 2.19 where crack growth

is controlled by stress corrosion. The first is based of the emperical power law

derived by Charles (1958), which was originally used to describe fatigue in glass

and in this model the crack growth velocity ν , is given by,

ν = ν0 exp(−∆H/RT )Kn
I , (2.31)

where ν0 is a pre-exponential factor, ∆H is an activation enthalpy, R is the gas con-

stant, T is the absolute temperature and n is an experimentally determined constant,
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Figure 2.19: A schematic drawing in log log space of the crack velocity as a function of
the strain energy release rate. Region I represents the area where chemically
driven sub-critical cracking is occurring. Region II corresponds to the rate of
diffusion controlled area, however is likely to be very small in a liquid satu-
rated rock. Region III is observed just prior to the critical stress being reached,
and introduces mechanical deformation occurring along side the chemical de-
formation. Region III is terminated by the critical stress value, and rapid crack
growth. The grey scale background refers to the main style of deformation oc-
curring in respect to G. Regions I and II are in the darkest grey and are chem-
ically controlled, region III is a mix of chemical and mechanical deformation
is in lighter grey, and post region III and GC stress space is purely mechanical.

which is often termed the stress corrosion index. Double torsion experiments have

shown that for ceremanics and rocks the stress corrosion index is normally beween

the values of between 10 and 50 (Atkinson, 1984). The second model often used is

that of Wiederhorn and Bolz (1970), which can be derived from chemical kinetics

models and has a much greater theoretical input than Charles’ Power law. In this

model, the crack velocity is given by the exponential relationship,

ν = ν0 exp

[
−∆H +2V ∗KI/(πρ)1/2

RT

]
, (2.32)
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where V ∗ is an activation volume and ρ the radius of the crack tip. However, as

it is difficult to gather empirical values of V ∗ and ρ , these can be replaced with an

experimental constant b so that experimental data fits the Equation (Atkinson and

Meredith, 1981), making Equation (2.32)

ν = ν0 exp(
−∆H +bKI

RT
). (2.33)

Due to the value of n in Equation 2.31 usually being greater than 10, the two differ-

ent models described above often yield very similar results to one another and both

generally produce a good fit to double torsion experimental data. Other models have

also been produced, such as those described by (Lawn, 1975; Lawn and Wilshaw,

1993) in which an atomic level approach was used to model stress corrosion rates

based on either a reaction rate limited system, or a system where the limiting factor

is the transport of reactive agents to the crack tip, which is only though to arise

in a gas saturated material. The model they established was that the crack growth

velocity could be given by,

ν = 2v0a0 exp(−∆F/kT )sinh
[

α(G−2γ)

kT

]
, (2.34)

where v0 is the fundamental lattice frequency, a0 is a characteristic atom spacing,

∆F is an absorption energy, k is the Boltzmann constant and α is an activation area.

Regardless of which model is used, the key fact which has been determined is that

crack growth in quartz can occur at velocities as low as 10−9 m/s and potentially

even lower (Lawn and Wilshaw, 1993). At these low crack growth velocities, long

time periods would be necessary for a crack to grow a meaningful amount and

as a result, subcritical cracking can be considered a time dependent process. The

time dependence of subcritical cracking means that over geological timescales, it is

theorised that stress corrosion and subcritical cracking may have an important role

in crustal deformation (Anderson and Grew, 1977b; Swanson, 1984).
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2.5.4 Macroscopic representation of subcritical cracking

To date, the majority of crack growth velocity data due to stress corrosion has been

derived from the models described above and through double torsion experiments.

Most of this data though is for the growth of a single crack within a single crystal

of natural or synthetic material. In reality however, the bulk complexity of rocks

means that it can be hard to scale the results from stress corrosion models and

double torsion experiments to real situations found within the Earth’s crust.

The macroscopic strain rate can be seen as being analogous to the microscopic crack

growth rate, so at lower strain rates the contribution of slow subcritical crack growth

is going to be more visible. Therefore, by performing experiments in which the de-

formation occurs at a range of strain rates the time dependence of macroscopic rock

deformation can be assessed (Heap et al., 2009c; Brantut et al., 2013). One method

of probing many different strain rates, is to perform constant stress or creep tests.

Creep tests consist of loading a sample to a desired stress level before keeping the

stress level constant for a period of time and recording the amount of deformation

which occurs and due to time constraints within a laboratory, the samples are often

held for hours or days at a particular stress (Heap et al., 2015). Creep experiments

are beneficial over multiple constant strain rate experiments as one creep test can

span many different strain rates and because the stress is held constant for an exten-

sive period of time, creep tests are thought to be more analogues to conditions found

within the Earth. Studies which have examined the strain rate dependence on sand-

stone through multiple constant strain rate experiments are in general agreement

that between a strain rate of 10−5 s−1 and 10−8 s−1, the strength of the rock does

not alter. This suggests that the fundamental processes of grain fracturing through

conventional mechanical methods (i.e. not subcritical cracking) is not time depen-

dent (Donath and Fruth Jr, 1971; Baud et al., 2000a). However at the lower strain

rates found within the upper crust and in the presence of aqueous fluids, i.e., under

realistic upper crustal conditions, experiments show that rock fracturing becomes

time dependent.
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Numerous experimental studies have examined the time dependent deformation of

sandstones in the brittle regime through creep experiments (Ngwenya et al., 2001;

Heap et al., 2009b; Shengqi and Jiang, 2010; Jiang et al., 2013). These studies have

shown that under a constant differential stress, the rate at which sandstone will con-

tinue to deform is highly sensitive to the applied stress, with higher stresses equating

higher strain rates. During brittle creep, the strain rate will first undergo a phase of

decreasing strain rate refereed to as primary creep, followed by phase of increasing

strain rate known as tertiary creep, which ends with the failure of the sample (Bran-

tut et al., 2013). Previous studies have also recognised a phase of constant strain

rate between primary and tertiary creep refereed to as secondary creep. However,

it has been shown that during brittle creep the strain rate is either always decelerat-

ing or accelerating and that secondary creep simply appears constant over time as

it marks the period of slowest strain rate change (Brantut et al., 2013). Figure 2.20

shows an example of the strain rate evolution for a creep experiment performed on

Darley Dale sandstone. At the beginning and end of the experiment, the regions

of rapidly decelerating and accelerating strain rate are observed. The middle part

of the experiment is what would conventionally be referred to as secondary creep,

however, at no point does the strain rate remain truly constant.

Using the respective stress strain curves, Brantut et al. (2014) demonstrated that

it was possible to establish the difference in amount of mechanical work that has

gone into causing the inelastic strain in a constant strain rate test and the inelastic

strain in a creep test. Graphically, this difference can be represented by the differ-

ence in stress level between the constant strain rate and creep stress-inelastic strain

curves, as shown by the grey area in Figure 2.21. The reduction in the mechanical

work needed to achieve brittle failure under creep conditions was attributed to an

increase in subcritical cracking, combined with a reduction in other dissipative pro-

cesses such as the radiation of elastic waves and due to the lowering of the effective

mean stress a reduction in friction at grain contacts. This study also noted that the

transition from decelerating primary creep to accelerating tertiary creep occurred

roughly at the inelastic strain value when the differential stress difference between
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Figure 2.20: The axial strain (line) and strain rate (dots) evolution plotted against time for a
sample of Darley Dale sandstone deformed at an effective pressure of 30 MPa
and a constant differential stress of 134.9 MPa (Brantut et al., 2013).

Figure 2.21: Differential stress plotted against inelastic axial strain. The area shaded in
grey is a representation of the difference in mechanical work that has gone
into deforming each sample (Brantut et al., 2014).

the constant strain rate and creep test approached zero.

The main caveat to overcome when establishing if the difference in differential

stress with axial strain corresponded to a difference in mechanical work between

the two styles of tests, is to ensure that microstructurally the creep test and constant
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Figure 2.22: Differential stress (red) and P wave speed evolution as a function of axial
strain. The different symbols corresponds to different wave paths through the
sample in relation to the compressive axis (Brantut et al., 2014).

rate test impart the same amount of damage into the rock at a given axial strain

(Brantut et al., 2014). Microcracking is a precursor to macroscopic failure, and it

is known that the growth of microcracks and an increase in microcrack density will

act to lower the velocity of elastic waves through a rock (Sayers and Kachanov,

1995a). Brantut et al. (2014) utilised this to test if axial strain could be used as a

proxy for the microstructural damage state of a rock. Figure 2.22 shows the stress

strain curves for three triaxial deformation experiments on Darley Dale sandstone

carried out in the brittle regime at an effective pressure of 40 MPa, in addition to

the P-wave velocity evolution as function of axial strain. Figures 2.22(a) shows the

data from a constant rain rate experiment and Figure 2.22(b) and (c) represent data

from two creep tests. The macroscopic failure of all samples occurred at approxi-

mately 1.5% axial strain and for all tests the greatest reduction in P-wave velocity

was observed in the final 0.5% of axial strain prior to failure. This similarity is

confirmation that, within typical laboratory error, the microstructural state can be

assumed to be the same at a given amount of axial strain.

While in the last couple of decades, brittle creep and time dependent deformation

in the brittle regime is a phenomenon which has been the focus of many laboratory

based studies, time dependent deformation in the ductile regime of sandstones has

been studied to a much lesser degree (Heap et al., 2015; Pijnenburg et al., 2018).

One of the few experimental studies on the compactive creep of sandstone, was car-
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ried out by Heap et al. (2015) and Figure 2.23 shows the axial strain and porosity

change as a function of time for creep tests carried out in both the brittle (a) and duc-

tile regime (b) on Bleurswiller sandstone. Unsurprisingly, the volumetric change in

both deformation regimes is very similar to the that seen in constant strain rate tests,

such as those displayed in Figure 2.4, with the brittle regime experiencing net dila-

tion and the ductile regime experiencing net compaction. However, the evolution of

strain with time and therefore the strain rate, is markedly different between the two

regimes. In the brittle regime, the results on Bleurswiller sandstone are very similar

to those of Darley Dale sandstone shown in Figure 2.20 where the three stages of

creep are displayed. In the ductile regime, the strain rate decreases from the mo-

ment at which creep is initiated and continues to decrease until the experiment is

terminated. Figure 2.23 also shows the AE production as a function of time, and it

is apparent that the rate of AE production is directly linked to the rate of strain accu-

mulation, which is further confirmation that microcracking is still occurring during

creep experiments albeit it much lower stresses.

2.6 Effect of Elevated Temperature on Sandstone De-

formation

Many of the sandstone deformation processes discussed in this document are occur-

ring at depth within the Earth’s crust. Sandstone compaction for example is known

to require confining pressures on the order of 10s of MPa to occur and at the corre-

sponding depth in the crust the temperature is likely on the order of 50◦C to 150◦C.

There is a current sparsity of experimental research into the effect of elevated tem-

perature on sandstone compaction and that is one of the main focuses of this study.

There are a small amount of data corresponding to the brittle regime of sandstone

deformation at elevated temperature, for example Handin and Hager Jr (1958) ob-

served there was only a couple of percent reduction in peak stress at 150◦C for

Barns sandstone and Oil Creek sandstone, with a reduction of around 10% when at

300◦C. Heap et al. (2009a) observed a lowering in peak stress of between 3 and 9%
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Figure 2.23: Creep experiments showing that both brittle failure and cataclastic deforma-
tion can occur at constant stress creep tests (Heap et al., 2015).

when the temperature was raised from room temperature to 75◦C for Darley Dale,

Bentheim and Crab Orchard sandstones.

In the same study by Heap et al. (2009a), brittle creep experiments were performed

on sandstones at room temperature and at 75◦C. It was observed that there was a

strong temperature dependence on the creep strain rate at a given level of differential

stress. As an example, Darley Dale sandstone was found to creep almost three

order of magnitude faster when at 75◦C than when at room temperature under a

differential stress of 120 MPa.

Equations (2.31), (2.32) and (2.34) all capture the fact that the chemical reactions

responsible for stress corrosion result in it exhibiting a temperature dependency,

with higher temperatures resulting in faster rates of crack growth. The weakening

observed by Heap et al. (2009a) could therefore be a result of increased rates of

stress corrosion at higher temperature. The increase in stress corrosion crack growth

rates at higher temperatures has been demonstrated by double torsion experiments
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Figure 2.24: A double logarithmic plot of crack velocity against stress intensity factor, for
three quartz rich rocks, including Tennessee Sandstone, showing that at higher
temperature crack growth is quicker (Atkinson and Meredith, 1987).

on a range of materials, including quartz (Atkinson and Meredith, 1987; Lawn and

Wilshaw, 1993). In general, the rate of crack growth is several orders of magnitude

faster at just a couple of hundred degrees centigrade. For example, Figure 2.24

shows how an increase in temperature from room temperature to 100◦C and 200◦C

invokes crack growth rates several orders of magnitude faster in synthetic quartz at

a given stress intensity value.

There is currently a lack of experimental data on sandstone compaction at crustal

in-situ temperatures and pressures. Triaxial experiments performed on uncemented

quartz sand have demonstrated that when the temperature is increased from room

temperature to 170◦C the increased temperature only caused a weakening in the

compactive regime and the brittle regime was mainly unaffected (Karner et al.,

2008) and the hydrostatic grain crushing pressure, P∗, is reduced by approximately

10% (Karner et al., 2008; Choens and Chester, 2018). Long term creep compaction

on quartz sand has yielded similar results, in that the rate of compaction was much

higher at 150◦C than at room temperature, an attribute the authors concluded was a

result of increased rate of stress corrosion (Chester et al., 2004).

However, experimental evidence has demonstrated that cemented sandstone and un-
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cemented sand can have different mechanical behaviours during room temperature

experiments (Skurtveit et al., 2013), so there is a necessity to perform experiments

on cemented sandstones in order to fully establish what effect elevated temperature

has on the sandstone deformation profiles within the crust.

2.7 Impact of Sandstone Deformation

2.7.1 Impact on rocks intrinsic physical properties

Deformation in rocks is often associated with a change in the rock’s intrinsic proper-

ties. The elastic compaction of porous sandstones corresponds to a reduction in the

pore volume and the closure of preexisting microcracks (Rutter and Wanten, 2000).

This results in an increase in elastic wave velocities (Fortin et al., 2009) and often a

slight reduction in the permeability (Zhu and Wong, 1997a). The increase in elas-

tic wave velocities and the reduction in permeability does not seem to alter a great

amount in regard to the elastic compaction occurring because of hydrostatic loading

or because of a deviatoric stress (Zhu and Wong, 1997a; Fortin et al., 2005a). As

microcracks form in the brittle regime past C′, there is a drop in elastic wave veloc-

ities and because the microcracks will most likely have a preferred orientation, this

can induce an elastic anisotropy into the rock (Sayers and Kachanov, 1995b).

Brittle deformation of sandstone is also known to impact a rock’s permeability and

the manner in which this occurs is a function of the rock’s porosity (Zhu and Wong,

1997b). As seen in the work by Zhu and Wong (1997b) the permeability of highly

porous rocks (φ > 15%) is generally reduced as a result of brittle deformation de-

spite the dilatancy which is occurring. Zhu and Wong (1997b) performed a series of

triaxial deformation experiments on five different sandstones with porosities rang-

ing from 15 to 35% and it was found that in the brittle regime all of the sandstones

had reduced permeability nominally by an order of magnitude or slightly less. The

reduction in permeability was attributed to the fact that cataclasis, grain fracturing

and grain rotation are occurring on the shear plane, and this blocks the fluid pathway

and leads to a reduction in permeability (Zhu and Wong, 1997b). For low porosity



86 Current Knowledge on Sandstone Deformation

Figure 2.25: The permeability reduction as result of compaction band formation. The first
band formed after peak stress has by far the greatest impact (Baud et al., 2012).

sandstones (φ <15%), microcracking and dilatancy correspond to an increase in

permeability, as the fluid has more pathways to flow through and this increase can

be up to several orders of magnitude (Smith et al., 2009).

In the compactive regime, the elastic wave speed is also reduced by the introduction

of damage into the rock past C∗, and this is observed in instances where the com-

paction is localised (Heap et al., 2015) or if it is diffused through the sample (Scott Jr

et al., 1993). In the case of localised compaction, wave paths which pass through

a compaction band are slowed more than paths away from the damage Fortin et al.

(2005a). The reduction in elastic wave velocity suggests the progressive increase

in the density of microcracks combined with the fracturing of grains (Heap et al.,

2015).

Compaction band formation in the laboratory is also linked to a large reduction in

permeability (Baud et al., 2012). Figure 2.25 shows that compaction band formation

in Diemelstadt sandstone leads to a permeability reduction of almost four orders of

magnitude. The majority of the permeability reduction occurs after the formation

of one compaction band, suggesting that even a low density of compaction bands in

the field can have a large impact for fluid flow in the crust (Baud et al., 2012).
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Deformation bands in the field have many of the same characteristics as those

formed in the laboratory, with large amounts of grain crushing and porosity re-

duction (Eichhubl et al., 2010). The main difference between naturally formed and

laboratory formed deformation bands is that those formed in the laboratory are not

cemented, and quite often lack cohesion at the end of an experiment. This is most

likely because laboratory conditions do not permit enough time for cemenation to

occur, and that potentially the fluid chemistry is not of the correct composition to

enable cemenation of the grains. Regardless of this, the observations seen in the

laboratory that permeability is reduced in the compactive regime are also seen in

the field, with the permeability reduction generally being on the order of 1 to 3

orders of magnitude (Taylor and Pollard, 2000; Sternlof et al., 2004; Deng et al.,

2015), however some reports state the reduction may be up to six orders of mag-

nitude (Fossen and Bale, 2007). This large reduction in permeability is one of the

primary reasons why deformation bands have gained traction within the scientific

community in the last two decades. Deformation band structures are often below

the resolution threshold of seismic surveys (Soliva et al., 2016), yet they can poten-

tially play an important role in subsurface fluid flow surrounding reservoirs (Fossen

and Hesthammer, 1998).

2.7.2 Reservoir compaction

In Section 2.5.1, the basic principles behind reservoir compaction as a consequence

of pore a pore pressure drop were discussed. As fluid is extracted from a reservoir,

the pore pressure is reduced which in turn increases the effective pressure within

the reservoir (Nagel, 2001). This will lead to an elastic compactive response and if

the reduction in pore pressure is great enough, an inelastic response in the form of

permanent compaction (Pijnenburg et al., 2019). The compaction of a reservoir can

pose a number of environmental risks. The reduction in volume of the reservoir will

often transpire as surface subsidence above the compacting region (Pratt and John-

son, 1926). This can be particularly damaging to low lying coastal regions, such as

Louisiana, where the removal of ground water is contributing to natural subsidence
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Figure 2.26: The amount of extraction from the Groningen gas field, along with the total
reduction in pore pressure, subsidence amount and number of record earth-
quakes (Smith et al., 2019).

(Yuill et al., 2009), or the Netherlands where the removal of natural gas from the

Groningen gas field has caused nearly half metre of subsidence (van Thienen-Visser

and Breunese, 2015). Even for non-coastal areas, it has been documented that sub-

sidence is linked to seismicity, either within the reservoir itself, or in the overburden

rock (Candela et al., 2019). Figure 2.26 shows how in the Groningen gas field ex-

traction has lead to a pore pressure reduction which in turn has caused subsidence

and seismicity (Smith et al., 2019).

It is often recorded that subsidence does not occur immediately following the reduc-

tion in pore pressure and this phenomenon which is termed subsidence-depletion

delay, is regularly found to be in the range of 1 to 13 years (Hettema et al., 2002).

The effective pressure changes which lead to reservoir compaction can occur over

a range of time periods, from several months to decades being common (De Waal,

1986). A consequence of this, is that it is anticipated that time dependent processes

have an important role in not only the rate at which reservoir compaction occurs, but

also the length of time that compaction will continue for after resource extraction

has ended (Hettema et al., 2002; Pruiksma et al., 2015). A common method used

in the hydrocarbon industry in an attempt to limit the amount of reservoir com-

paction, is to inject water into the reservoir to keep the pore pressure high. There

have been situations however, when the injection of water has increased the rate of

compaction, despite the pore pressure remaining steady (Doornhof et al., 2006) and
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this increased compaction rate is likely a result of the chemically inert hydrocarbon

being replaced by more chemically active water.

As reservoir compaction is occurring within the subsurface where temperatures are

most likely on the order of 50◦C to 150◦C, it is important that experimental studies

reflect this and are also carried out at this temperature. Furthermore, it is a necessity

that the impact which elevated temperature has on chemically driven time dependent

compaction is explored, so that accurate models can be constructed to establish the

impact of this phenomenon on reservoir compaction.

2.8 Key questions

Laboratory experiments studying the deformation of sandstones at high pressures,

have only become more common in the last three decades and there still remains

large gaps in our knowledge and understanding. With increasing depth in the crust,

the increase in temperature, pressure and the presence of fluid all affect how rocks

deform. The effect of elevated temperature on both the mechanical weakening of

sandstone in the compactive regime and on the enhancement of chemical fluid-rock

interactions is currently poorly studied. From a material science perspective, the

brittle-ductile transition in the crust is expected to have a temperature dependence

so it cannot be ignored when trying to reproduce crustal conditions in the labora-

tory. Prior to this study, we hypothesised that increasing the temperature will result

in both brittle failure and cataclastic flow occurring at lower differential stress at a

given effective pressure. So for a differential stress-mean stress (PQ) plot as shown

in Figure 2.27 the failure envelope/compactive yield cap will move inwards. How-

ever, it is not known if this is true or how the magnitude of C′ and C∗ will alter once

increased temperature is introduced.

With the time dependence of ductile sandstone deformation recently being con-

firmed (Heap et al., 2015), it is logical to assume that stress corrosion and subcritical

crack growth are fundamental in controlling the strain rate produced during a creep

test. What is currently poorly constrained during compactive creep, is how elevated
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Figure 2.27: The hypothesised effect of temperature on a PQ diagram of porous sandstone
(Wong et al., 1997).

temperature impacts the strain rate at a given differential stress, or what stress is

required to impose a given strain rate at various temperatures? These gaps in our

current knowledge are what this thesis aims to cover, and it is using the following

methods and experimental techniques that they will hopefully be answered.



Chapter 3

Methods and Materials

This chapter will firstly focus on the rock deformation apparatuses used in this

study, followed by the sandstones selected and their physical properties in the un-

deformed state. Finally, this chapter will describe the experimental plan that was

followed in each section of this study. There will be a particular focus on a new

conventional triaxial deformation press installed in the Rock and Ice Physics Labo-

ratory at UCL, including the initial set up and calibrations that went into getting the

machine operational. The majority of the experiments performed in this study were

carried out on this new press with only a handful of experiments being performed

on a different 400 MPa rated triaxial deformation rig.

3.1 New Triaxial Deformation Press

3.1.1 Introduction to the new triaxal deformation press

This triaxial apparatus operates in a ‘conventional’ manner, where a cylindrical rock

sample is placed within a rubber jacket and then within an oil filled pressure vessel,

which is then pressurised to provide a confining pressure. With the sample being

encased within an impermeable rubber jacket, an independent pore pressure can be

generated within the sample. Once in the pressure vessel a piston is then used to

provide a differential stress by applying an axial load. If required, the whole pres-

sure vessel and and enclosed sample can be heated up to a temperature of 200◦C



92 Methods and Materials

through the use of external heaters. Figure 3.1 shows a photograph of the deforma-

tion press.

Figure 3.1: A photograph of the new triaxial deformation press.

3.1.2 The pressure vessel and piston

The pressure vessel, (of which a simplified schematic drawing is shown in Figure

3.2) is 465 mm long, and has an external diameter of 216 mm. The inner bore,

where the sample and piston assemblage is housed, has a diameter of 77 mm and a

depth of 297 mm. Originally, the vessel was rated to a maximum pressure of 250

MPa, however, due to modifications carried out to flatten the base of the the internal
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chamber, a reduced maximum confining pressure of 200 MPa is now in place.

Load Cell

Upper Hemi-spherical Seat
External LVDT

Pressure Vessel

External Heaters
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Hemi-spherical Seat
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Rubber Jacket
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Pore Fluid Inlet
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Pore Fluid Outlet
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Confining Pressure Inlet
Steel Base Plate
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Figure 3.2: A simplified schematic drawing of the pressure vessel with the piston assem-
blage and sample enclosed within. A full technical drawing of the pressure
vessel with dimensions is included in Appendix A.1.

A load is applied to the sample from an actuator piston which acts through the

piston assemblage and into the sample. The actuator piston has a maximum stroke

of 150 mm, and is attached to a moveable cross head, which allows for range of
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sample lengths to be used. The actuator piston utilises a hydraulic ring main to

apply a maximum compressive load of 2600 kN or 260 tonnes, which is measured

by an external load cell. The piston assemblage, shown in figure 3.2, is only rated

to a maximum load of 200 kN or 405 MPa on a 25 mm diameter sample. The

piston assemblage consists of a sample, which is encased in a rubber jacket and

attached to the bottom end-cap at one end and the top piston at the other. The

top piston slides into the piston housing which is held in place within the pressure

vessel using the top sealing nut. Within the pressure vessel the bottom end-cap sits

on the bottom hemispherical seat and on top of the piston assemblage sits another

hemispherical seat to ensure the sample is loaded evenly during deformation. In

Appendix A.1 there is the full technical drawing of the piston assemblage within

the pressure vessel.

3.1.3 Confining pressure system

The confining pressure fluid is a silicone oil of viscosity 100 CS (at 25◦C) manu-

factured by Dow Corning Limited and this oil has a flash point of 350◦C at room

pressures. The confining pressure is generated by a hydraulic servo-controlled in-

tensifier which is capable of reaching a maximum pressure of 120 MPa. The in-

tensifier is connected by a series of high pressure piping and valves to the base of

the pressure vessel and to an 80 MPa rated hand pump. To fill the intensifier with

silicone oil, the intensifier is firstly isolated from the pressure vessel using a stop

valve and primed using the hand pump. Once enough oil is in the intensifier, the

hand pump is isolated and any residual pressure within it released.

3.1.4 Pore pressure system

The pore pressure system operates in a very similar manner to that of the confin-

ing pressure, the main difference is that the intensifier is only rated to a maximum

pressure of 80 MPa and the hand pump to 25 MPa. For the set up used in this

study, the pore pressure intensifier is connected via high pressure piping to the top

of the piston assemblage. Water is then able to flow through a 3 mm hole within the
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piston assemblage and into the sample. The pore pressure intensifier is equipped

with an internal Linear Variable Differential Transformer (LVDT), which measures

the internal volume of the intensifier. As the pore pressure is held constant for

the duration of the experiment, any change in the intensifier volume throughout an

experiment can be attributed to a change in the sample’s pore volume.

3.1.5 Heating the sample

The heating of the sample is controlled by three external heaters on the outside of

the pressure vessel. These furnaces are capable of reaching temperatures in the or-

der of 800◦C and are able to warm up at considerable rate. However, due to the

large volume of metal present within the pressure vessel, there is a large delay be-

tween the heaters reaching the required temperature and the sample reaching the

same temperature. In fact, the heaters temperatures must be set to a higher tem-

perature than that desired sample temperature as a result of the constant heat loss

of the vessel. To minimise the heat transfer to the large metal base plate of the rig

an ‘insulation sandwich’ was made, which the pressure vessel sits on. A calcium

silicate thermally insulating sheet was placed upon a 75 mm thick block of mild

steel, before a thinner 6 mm sheet was added on top of the insulation to spread the

load and prevent cracking. All 3 parts were then bolted together as shown in Figure

3.2.

As mentioned in Section 3.1.1 the sample is encased in a rubber jacket for all exper-

iments. Many rubber compounds will weaken in temperatures approaching 80◦C,

and will eventually disintegrate and become unusable. The avoid this issue, a spe-

cial rubber compound called Viton® is used. This jacket is stable up to temperatures

of 180◦C, and is also resistant to chemical damage from hydrocarbons, so can be

used repeatedly for many experiments.

An important consideration when dealing with high temperature in rock deforma-

tion is, what happens to the confining pressure and pore pressure fluids as the tem-

perature increases? The first issue to note, is the thermal expansion of both the

silicone oil and water. It is important that when the heaters are turned on, either the
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pressures are being maintained at a set value by the intensifiers, or if the intensifiers

are not on, then the pressure vessel/sample are not isolated. If this does nor occur,

then the pressures within the sample and pressure vessel will be unknown, as all

of the pressure transducers and hence the pressure readings are connected to the

intensifiers, not the pressure vessel/sample.

The second problem that could be encountered at elevated temperatures is the boil-

ing of the liquid, as the rapid volume increase this would produce could be poten-

tially dangerous and damage the equipment. At room pressure the boiling point of

the silicone oil is 270◦C, which is below the maximum temperature this study aims

to look at, water on the other hand will readily boil at 100◦C at room pressure. This

means that for any experiments approaching 100◦C, the water must be pressurised

to avoid boiling it. Figure 3.3 shows how the boiling point of water increases with

increasing pressures. As a rule, if the experiment is approaching 100◦C then the

water pressure should be at a minimum of 1 MPa. At this pressure the water will

not start boiling until 200◦C so it will be safe for all planned temperatures.

Figure 3.3: Phase diagram of water. To be safe at temperatures above 100 ◦C, the water
should always be kept at a minimum pressure of 1 MPa (martin chaplin, 2019).

3.1.6 Controlling the press

The actuator piston, confining pressure and pore pressure described above are con-

trolled through LabVIEW software on a Windows computer which is connected to

a National Instruments PXI real time controller. The PXI controller is the hardware
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in which all the machine commands are stored in, before being relayed to a com-

ponent of the press. It is also the location where all the output data is logged. The

advantage of this system, is that if the Windows computer crashes or is restarted for

any reason, the hydraulic press will continue to control using the previous set values

and will continue to log data. The software was developed by SimplicityAI along

with T Mitchell, and this software controls the PID loops in realtime.

For the user of the machine, there are three primary control mechanisms available to

control the movement of the actuator piston. The first two are displacement controls,

and in displacement control the actuator piston will move up or down at an imposed

rate and any resulting load will be measured by the load cell. The total amount of

displacement and the rate at which it occurs is regulated by either an internal LVDT

in the crosshead (displacement control), or a more sensitive external LVDT (LVDT

control), which connects to the pressure vessel and is the one shown in Figure 3.2.

In general, the internal LVDT control method is used to move the actuator piston up

or down large distances at a higher rates, and is commonly used at the beginning and

end of experiments. The external LVDT is used when more accurate displacement

readings and control are required, such as during the deformation of the sample.

The third way of controlling the piston is through load control. In this mode, the

load cell will keep regulating a set load, and the external LVDT can be used to

measure any displacement occurring as a result of this load.

The measured load can be converted to the maximum compressive stress, σ1,

through dividing the load as measured by the load cell, by the surface area of the

end of the sample. In the case of all of our experiments the intermediate principal

stress, σ2, is equal to σ3, which is equal to the applied confining pressure, Pc, so that

Pc = σ2 = σ3. The applied differential stress, Q, is the difference between σ1 and Pc

and the effective pressure, Pe f f , is the difference between Pc and the pore pressure,

Pp. Therefore the effective mean stress, P, can be given by (σ1 + 2σ3)/3−Pp or

(Q+3Pc)−Pp.
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3.1.7 Calibration of new press

It is of great importance to ensure that all equipment used in any scientific study are

calibrated to the best of our ability. This is the only way that accurate readings are

recorded, and reproducible results made.

There are 8 main parts of this triaxial apparatus that required calibration. These

were:

• The load cell attached to the actuator.

• The external LVDT (located on the pressure vessel), which is used in LVDT

control.

• The internal LVDT (located within the crosshead), which is used in displace-

ment control.

• The pressure transducer which controls the pore pressure (Serial Number:

512755).

• The pressure transducer which controls the confining pressure (Serial Num-

ber: 523816).

• The LVDT attached to the pore pressure intensifier.

• The furnace temperature in relation to the sample temperature, and furnace

location.

• The stiffness of the piston assembly.

The first six components listed, all operate by converting a force in the case of the

pressure transducers and load cell, or the movement of a metal pin in the case of

the LVDTs, to an output voltage of between 1 and 10 Volts. The purpose of these

calibrations is to determine what the scaling relationship is between the voltage

produced and the units of pressure, load or displacement we desire. Additionally, if

the component is being used as a controlling mechanism at any point, then the PID

settings for that component must be fine tuned in order to provide a reliable and safe
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way of controlling the machine.

3.1.7.1 Load cell calibration

The load cell for the apparatus was calibrated using a proving ring, which comprises

of a metallic ring which will compress a known amount at given load. The proving

ring was positioned under the actuator piston and loaded until the dial on the proving

ring read 25 kN, and the corresponding output voltage from the load cell was then

recorded. This was repeated for successive steps of 25 kN up to 200 kN and a linear

scaling relationship was found. This scaling factor of the load cell could then be

entered into the LabVIEW software, so the load output was accurately displayed in

kN.

3.1.7.2 External LVDT calibration

The external LVDT was calibrated using a barrel micrometer. This works by clamp-

ing the LVDT in place, then moving the barrel a set distance which depresses

the LVDT. The output voltage produced by the LVDT was recorded at known in-

crements (increment precision 0.002 mm). This could then be plotted in graph

format, and the appropriate correction factors entered into the LabVIEW soft-

ware. The conversion factor from volts to millimetres for the external LVDT is

mm = 18.252V −3.413 and the final range is from 0 to −25 mm.

3.1.7.3 Internal LVDT calibration

With the external LVDT calibrated, it was possible to then calibrate the internal

LVDT. Under LVDT control the piston was moved up and down in 1 mm intervals

and the voltage produced by the internal LVDT at each millimetre recorded. This

then allowed the correction factors to be calculated and entered into the software.

The conversion factor from volts to millimetres for the internal LVDT is mm =

22.503V +44.908 and the final range is from 0 to −145 mm. Appendix A.2 shows

the graphs produced for both LVDT calibrations.
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3.1.7.4 Pressure transducer calibration

To calibrate the pressure transducers controlling the pore fluid and confining pres-

sure intensifiers, a dead weight tester (manufactured by DH Budenburg) was used.

In turn, each pressure transducer is attached to the dead weight tester and a

known mass is incrementally added. The pressure that should be produced by

each increment of mass is known and this is compared to the output voltage pro-

duced by the pressure transducer. In the LabVIEW software the correction fac-

tor for each transducer is then applied, so the reading output is in MPa rather

than volts. The conversion factor from volts to MPa for the pore pressure inten-

sifier is MPa = 20.291V − 0.216, and for the confining pressure intensifier it is

MPa = 20.506V −0.034. Appendix A.2 again shows the graphs produced for both

pressure transducer calibrations.

3.1.7.5 Furnace calibration

Calibrating the heaters required two main stages. Firstly the temperature for which

the heaters must be set at in order to achieve the desired sample temperature was

measured. The second stage of calibration involved moving the position, and alter-

ing how much power is sent to each of the 3 heaters so that the thermal gradient

within the sample was minimised. For both calibrations, a test was carried which

involved drilling a hole through the length of a rock sample before assembling the

rig as it would be for a deformation experiment. A K-type thermalcouple was then

inserted through the pore pressure piping and into the hole within the sample. The

thermal couple was manually moved up and down within the sample, and the posi-

tion and relative power of the heaters adjusted. The final thermal gradient in the 55

mm sample was less than 1◦C.

3.1.7.6 Machine stiffness calibration

When a load is applied to deform a rock, the steel piston assemblage is subjected to

the same load. Although being stronger than the rock, the piston will still undergo
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some elastic deformation. The piston is rated to a maximum load of 200 KN and if

load is applied to a greater value than this, then the piston will start to permanently

deform. This would not only make all scientific measurements invalid, but would

also pose a large safety risk.

While the elastic deformation of the piston is not a problem safety wise, it is impor-

tant to understand by how much the piston shortens when a certain load is applied.

If the amount of shortening in the piston is known, then the exact shortening in the

sample can be calculated, which is needed when calculating axial strain.

To calculate the stiffness of the machine, a test was run under full experimental

conditions with a steel sample instead of rock. This steel sample was of a known

length and of known Young’s modulus. It can therefore be calculated how much

shortening would be expected as a result of a given change in load. The steel sam-

ple’s shortening value can then be subtracted from the total shortening as measured

by the LVDT, to give a value of the piston shortening. The change in load required

to achieve this amount of shortening is then the stiffness of the machine.

There are many different conditions that an experiment can be ran under using this

triaxial deformation apparatus. With a large combination of temperatures and con-

fining pressures available to the user, a range of calibrations are required. It was

determined that neither increasing the confining pressure to 80 MPa or increasing

the temperature to 150◦C changed the stiffness of the machine to a note worthy

degree. Figure 3.4 shows the load vs axial displacement plot for the elastic defor-

mation of the steel sample with no confining pressure and at 80 MPa. Although the

absolute values of load are not equal, it is change in load in respect to the displace-

ment (gradient of the line) which is of importance.
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Figure 3.4: The load vs displacement plot for the elastic deformation of a steel sample at
different confining pressures.

Taking the 80 MPa experiment in Figure 3.4 as an example. The change in load

is 47.5 kN which for the steel sample of 25 mm diameter, corresponds to a change

in stress of 96.8 MPa. The Young’s modulus of this steel is 200 GPa (at room

pressure and temperatures). The expected strain in the steel sample is therefore

given by,

ε =
δσ

E
, (3.1)

where δσ is the change in stress and E is the Young’s Modulus. The expected

shortening of the steel sample in millimetres is given by,

x = εL, (3.2)

Where L is the sample length (74.34 mm). The calculated axial displacement of the

steel sample is therefore 0.036 mm. Figure 3.4 shows that the total shortening of the

piston and sample is 0.256 mm. Subtracting the sample shortening from the total

shortening yields that the piston has shortened by 0.22 mm. This corresponds to a
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stiffness of 215 kN/mm. For the 0 MPa experiment the stiffness is calculated to be

220 kN/mm.

3.2 Safety

3.2.1 General safety

When dealing with any high pressure apparatus there is always an element of dan-

ger. The job of the user is to minimise the risk to themselves and to others. This

is done through a combination of risk mitigation and protection in case something

does go wrong. A high pressure system is a complex network of major compo-

nents linked together with high pressure piping, with the flow of pressurised fluid

controlled by valves and pressure differentials.

All of the high pressure piping used in the assembling of this press, were shaped and

installed by someone who had been trained to do so. Care was taken when coning

and threading the piping to ensure that the high pressure connectors could be used

in the correct manner. Tube bending was carried out in such a way that the final

angle of the pipe did not put unnecessary stress on any connectors. This not only

reduces the likely of failure occurring, but also stops the pipe pinging out if there is

a failure.

Blow-out valves were installed at key points on the piping network. These valves

operate by undergoing a controlled failure if a certain pressure is reached and this is

to prevent a more catastrophic failure of a more dangerous component. For example

the pressure vessel which is rated to 200 MPa, has a blow-out valve connected to it

which will ‘fail’ at 160 MPa. This will instantly cause the pressure in the system to

drop and prevent the potential failure of the pressure vessel.

3.2.2 Safety cage

Although it will hopefully never be needed, a safety cage was designed and con-

structed to house the pressure vessel in case of a failure. The design of this safety
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cage follows guidance from the High Pressure Safety Code created by the High

Pressure Technology Association (HPTA, 1974), combined with the expertise of

technical staff members at UCL. The design of this safety cage takes into account

the energy stored within the system at pressure, and the likely geometry of any pro-

jectile produced. The calculations used to design the saftey cag can be found in

Appendix A.3.

The calculated minimum thickness of mild steel suitable for this was was 7.4 mm.

So a decision was made to primarily construct the safety barricade out of 8 mm

thick mild steel. To keep manufacturing costs to a minimum a simple box design

was created, shown in Figure 3.5. This involved 8 mm thick sheets of mild steel on

the back and sides, being bolted to 4 mild steel angles in the corners. Each of the

sheets weighed 60+ kg and the corners 20 kg so it was decided that with the total

weight being nearly 300 kg it did not require anchoring to the base of the triax. To

prevent rust and to improve aesthetics, all of the mild steel was painted with rust

resistant Hammerite paint.

PROJECT

TITLE

DRAWN

CHECKED

APPROVED

SCALE WEIGHT SHEET

DWG NO REVCODESIZE

1/11:1011/08/2019Mark Jefferd

B

Safety Cage OB15

Final Cage

1070

1250

950

750

160

1250

Front View Side View

Figure 3.5: The simple design for the safety cage, which included mild steel sheeting on
the back and side, and a door made of impact resistant polycarbonate.

With steel having the obvious flaw of being opaque, it was decided to make the
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front panel and the door out of impact resistant Lexan®Polycarbonate. Being able

to see the apparatus with the door shut is a major advantage and helps make the rig

more safe. The pressure vessel can occasionally leak when a confining pressure is

applied and it is very useful to be able to see this. Also, it is protocol for the door

to be shut when the vessel is pressurised. If the piston needs moving up or down

at all, it is useful to be able to see if the piston is in contact with the sample or not.

The polycarbonate is also a quarter of the weight of an equivalent steel piece. This

means it puts a lot less stress on the supporting hinges. Therefore prolonging their

lifespan and making the apparatus safer on the whole. The door is lockable by 3

locks, which are spread along the length of the door to offer more structural support

if needed.

3.3 Experimental Procedure for New Press

This section will cover the experimental procedure that was followed for each ex-

periment using the new triaxial deformation apparatus.

3.3.1 Sample preparation

Samples were cored perpendicular to any sedimentary bedding and then machined

to ensure the ends were parallel and that the samples had a final length of between

51 and 53 mm with a flatness of ± 0.1 mm. Each sample was then oven dried

at 60◦C for at least 2 days, before a porosity value was obtained using a helium

pycnometer. Prior to an experiment, the oven dried samples were submerged in

distilled water for at least 2 hours to initiate saturation.

3.3.2 Loading sample into the pressure vessel

The sample is placed within a Viton®jacket which is approximately 15 mm longer

than the sample (at each end). The bottom end cap is then attached so that the o-ring

can provide a suitable seal, and prevent any confining fluid entering the sample.

The sample is then slotted onto the top piston, again ensuring the o-ring forms

a good seal, and then the top piston is slid into the piston housing. For the piston
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assemblage to fit into the pressure vessel, the actuator piston is required to be moved

up to the highest setting and before placing the piston assemblage into the vessel it

is important to check that the large sealing o-ring is in place within the vessel and

that the silicone oil level is approximately 5-8 cm below this o-ring. The piston

assemblage can then be placed into the pressure vessel. At this point the valve

connecting the pressure vessel to the confining pressure intensifier is opened, to

allow the dissipation of any pressure build up in the pressure vessel. With the piston

assemblage in the vessel the large top nut can be tightened in place on the vessel.

This is done by hand, until the last few threads when an allen key needs to be used

for extra torque. The pressure vessel must not rotate when tightening the retaining

nut as this will unscrew the high pressure nut at the base of the vessel. After the

retaining nut is in place, it is a good practise to push down on the top of the piston.

If the piston then rebounds then there is likely a small amount of air present within

the vessel. Keeping the piston pushed down for a few minutes should force the air

out of the vessel and the piston no longer rebounds. The pore pressure piping is then

be screwed into the top of the piston by hand and tightened with a spanner. With the

piston assemblage in place, and locked in with the retaining nut, the hemispherical

seat is placed on the piston. The actuator piston is lowered until it is about 1 cm from

the hemispherical seat using displacement control. Provided the external LVDT is

in contact with the pressure vessel, the rig is now put in LVDT control. The actuator

piston is then bought down under LVDT control (using a slow rate of 0.01mm/sec)

until it is around 1 mm from the top of the hemispherical seat.

3.3.3 Applying confining and pore pressure

Ensuring that the pore pressure intensifier is isolated from the sample, the confining

pressure is increased to 10 MPa using the hand pump. Upon the application of

a confining pressure, the piston will move up slightly and come into contact with

the load cell attached to the actuator piston, and this will increase the load value

on the LabVIEW software. The load in kN is equal to 0.49 times the pressure in

MPa, so for example, a confining pressure of 50 MPa will produce a load readout
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of 24.5 KN. Once 10 MPa is reached with the hand pump, the pressure should be

left to drop for a few seconds before being pumped back up to 10 MPa and this step

should be repeated several times to ensure there is ample oil in the intensifier. The

confining pressure is set on the LabVIEW software to 10 MPa and the pore pressure

set to 1 MPa. Both intensifiers can then be switched on as they are operated by the

same on switch. Once the set pressures are reached, the valve connecting the vessel

to the pore pressure intensifier is opened so that water flows into the sample. The

volume of the pore pressure intensifier will continue to drop until the sample is

fully saturated at which point it should remain constant. If elevated temperatures

are being used, the heaters are then turned on, and the vessel left for several hours

to equilibrate and reach the desired temperature.

Once the sample is fully saturated and the desired temperature reached, the pore

pressure is increased to 5 MPa at a rate of 0.01 MPa per second. With the pore

pressure at 5 MPa, the confining pressure is then increased at a rate of 0.01 MPa/s−1

to the desired pressure. Once at the target pressure the whole rig is left for a period

of at least two hours prior to the start of the experiment to achieve pressure and

temperature equilibrium throughout the sample.

3.4 Performing an Experiment

Using this triaxial deformation press there were three types of experiments per-

formed in this study. The methodology of each will now be discussed in turn.

3.4.1 Constant strain rate experiments

With the sample in the vessel and at the desired temperature and effective pressure,

the actuator piston is set to move down at the same rate of displacement for the dura-

tion of the experiment, with the external LVDT acting as the controlling component.

As the piston pushes down on the sample, the load increases and this is measured

by the load cell. When the piston starts moving, the load value instantly increases

by approximately 1.5 kN and this corresponds to friction of the o-ring seals on the
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piston. The majority of the experiments in this study were performed at a strain rate

of 10−5s−1 which equates to a displacement rate in mm per second of 10−5× L,

where L is the sample length in millimetres. In reality, a small proportion of the

shortening would be accommodated by the metal of the piston, so the actual strain

rate of the sample would be slightly less than this. The experiment continues until

either a large sudden load drop is witnessed, or until the sample reaches the desired

amount of axial shortening, which is nominally 5% of the initial sample length in

this study. At the end of the experiment the piston is moved up at the same rate it

was lowered until the load value returns to that of just the confining pressure.

3.4.2 Constant load creep experiments

The initial phase of this type of experiment is the same as the constant strain rate

experiments and involves the loading of the sample at a constant strain rate. The

difference being, that once a desired value of load is reached (and therefore stress)

the control of the actuator piston is changed from LVDT control to load control. In

this mode the machine will continue to push down on the sample with the set load

and the LVDT will now be used to measure any displacement which is occurring

as a result of this load. The graphical display on the LabVIEW software allows a

rough calculation of the displacement rate and therefore the strain rate in real time.

If at any stage of the constant load phase the strain drops to 10−8s−1, then either the

load is increased or the experiment terminated. If the load value needs be increased,

then the new value can be entered and the machine will slowly alter to the new load.

Once the desired amount of axial shortening or strain rate is reached, the control

system is changed back to LVDT control and the load removed at the same rate as

it was initially loaded.

3.4.3 Hydrostatic loading test

The goal of this test is to assess the volumetric change of a sample due to an in-

crease in hydrostatic pressure and the ultimate aim is to reach the hydrostatic grain

crushing pressure, P∗. This is done through incrementally increasing the confining
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pressure in small steps and observing the evolution of the pore volume. At each

confining pressure step, the pore volume will decrease during the pressure step and

for a period of time afterwards. The next step in confining pressure is only applied

once the pore volume has stopped compacting or is compacting at volumetric strain

rates lower than 10−8 s−1. Once the P∗ stress value is reached and inelastic com-

paction of the grains is initiated, the reduction in pore volume will become much

greater than in the previous confining pressure steps.

3.4.4 Unloading the apparatus

Once the experiment is complete and any load removed, the confining pressure is

reduced at 0.01 MPa s−1 to 10 MPa. If used, the heaters are then turned off and

the whole vessel left to cool over the approximately 10 hours. The confining pres-

sure should then be isolated from the intensifier and the pore pressure reduced to

1 MPa. Both intensifiers can then be turned off, and once the pore pressure value

has returned to zero, the confining pressure can be slowly bled off by incremen-

tally opening the valve to the now turned off intensifier. The machine can then be

changed back to displacement control, and the actuator piston raised up. The top re-

taining nut can be unscrewed and the piston assemblage removed from the pressure

vessel. The o-ring seals in the pressure vessel often made it difficult to remove the

piston assemblage from the pressure vessel. The easiest method to remove the pis-

ton assemblage is to use the confining pressure hand pump to pressurise the pressure

vessel until the piston assemblage pops out. Excess oil should be removed from all

parts and the machine is then ready to be used again.

3.5 Other Apparatus used in Study

3.5.1 400 MPa triaxial press

The second triaxial apparatus used in this study, operates in a similar manner to the

first, where oil is pressurised around a sample to provide a confining pressure before

a piston is used to add an axial load and create a differential stress. This large triaxial
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rig has a few advantages and a few disadvantages when compared to the new smaller

triaxial press. Firstly, it is unable to use elevated temperatures during deformation

and is slightly more complicated to use and has a longer set up time per experiment.

A lot of this longer set up time is a consequence of the machines larger size and its

ability to record elastic wave velocities and acoustic emissions during deformation.

The pressure vessel is capable of supporting confining pressures upto 400 MPa and

the servo-controlled hydraulic actuator piston is capable of producing an axial load

of 1500 kN, once again a pore pressure can be applied (Eccles et al., 2005). Using

the hydraulic servo-controlled actuator and external LVDTs, the rig is capable of

deforming samples under constant stress conditions or at a constant strain rate.This

triaxial apparatus requires cylindrical samples of 40 mm in diameter and 100 mm

in length.

As mentioned, the 400 MPa triaxial apparatus is able to record P and S wave speeds

as well as record acoustic emissions during deformation. The 40 mm diameter

sample is placed within a rubber jacket, which has 16 acoustic transducers mounted

to the outside. The large number of transducers enables both an accurate count of

acoustic emissions as well as their locations within the sample. It is also possible to

measure the wave speed through the sample along four different paths. These paths

range from 90° to the axis of compression, through to 28°. Figure 3.6 shows the set

up for the sample and jacket, and the locations of each acoustic transducer.
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Figure 3.6: The sample is placed within a rubber jacket with acoustic transducers attached.
The image on the right shows the location of the transducers around the sample.
Image from (Brantut et al., 2013)

3.5.2 Porosity measurements

Each sample was systematically put into a Accupyc ii 1340 Pycnometer. This device

uses helium gas to accurately measure the volume of rock. This is done by placing

the sample into a sealed chamber of known volume, then flooding the chamber with

helium gas to a set pressure. A valve then opens, connecting the first chamber to

a second chamber, also of known volume. The pressurised helium fills this second

chamber and the drop in pressure allows the volume of all solid material within the

first chamber to be calculated. By subtracting this volume from the bulk volume the

pore space within the sample can be calculated.

3.5.3 Benchtop P-wave velocity measurements

P-wave velocities were measured for some samples at room temperature and pres-

sure. The measurements were carried out using an Agilent Technologies 1.5GHz

‘Infiniium’ digital storage oscilloscope and a JSR DPR300 35MHz ultrasonic

pulser/receiver. Piezoelectric transducers are used to pulse a P-wave through the

length of the sample. A second transducer then receives the wave after it has passed

through the sample. The received signal is displayed on the oscilloscope, and the ar-

rival time is picked by eye. A correction of 0.14 microseconds is applied to remove

the time it takes for the wave to pass through the transducer. A simple distance time
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calculation is done to calculate the P-wave velocity for each sample.

3.6 Materials used in study

In this project, four sandstones were initially selected to be deformed under constant

strain rate conditions at a range of temperatures and effective pressures, and these

were:

• Bleursville Sandstone,

• Locharbriggs Sandstone,

• Boise Sandstone,

• Castlegate Sandstone.

Castlegate sandstone, was dropped from the study after a handful of experiments, as

it was decided that the unreproducible results created an experimental error too large

for this study. The remaining three sandstones have a range of differing porosities

and compositions, and these are summarised in Table 3.6.

Another factor as to why these sandstones were chosen for this study, is that due

to their reasonably high porosity, at least part of the ductile regime will be acces-

sible at an effective pressure of 115 MPa, which is the maximum obtainable in out

deformation press.

3.6.1 Bleursville sandstone

Bleursville sandstone from Bleurville, Vosges, north-eastern France, is a pale beige

coloured sandstone, with a very slight macroscopic bedding observable on the sam-

ple scale. Figure 3.7 shows an optical microscopy image of Bleursville sandstone

and it can be seen the grains are sub-spherical and have a fairly regular grain size of

0.12 mm.
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Table 3.1: The porosity, average grain size and major constituents of Bleursville, Lochar-
briggs and Boise sandstones, along with select studies of previous studies using
these rocks.

Sandstone
Initial
Porosity
(%)

Grain
Size
(mm)

Major constituents Past experimental work

Bleursville
22.7
(± 1.5) 0.12

Quartz (66%),
K-feldspar (28%),
clays (4%),
mica (2%)
(Heap et al., 2015)

AEs and Seismic velocities due
to compaction band formation
(Fortin et al., 2006)
Propagation of discrete
compaction bands
(Tembe et al., 2008)
Strain localization in
Bleurswiller sandstone
(Baud et al., 2015)
Time dependent compaction
band formation
(Heap et al., 2015)

Locharbriggs
24.3
(± 0.5) 0.20

Quartz (88%),
K-Feldspar (6%)
(Mair et al., 2000)

Strength characteristics during
true triaxial compression
(Crawford et al., 1995)
Influence of temperature and
strain rate on time dependent brittle
deformation
(Ojala et al., 2003)

Boise
32.3
(± 0.5) 0.27

Quartz (41%),
Na-Feldspar (29%),
K-Feldspar (22%)
clay (6%)
(XRD from
Kocurek Industries)

Effect of pore fluids on the
elastic properties of sandstone
(Mann and Fatt, 1960)
Water weakening of sandstone
(Baud et al., 2000b)
Mapping of yield curve shape
(Bedford et al., 2019)
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Figure 3.7: A micrograph of undeformed Bleursville sandstone under cross-polarized light.
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Bleursville sandstone has been shown in previous studies to form compaction bands

at effective pressures above approximately 60 MPa (Heap et al., 2015; Fortin et al.,

2005b). The average porosity for a large swathe of the Bleursville sandstone sam-

ples used in this study was 23.24% and Figure 3.8 shows that the variation away

from this average value was at most 1.5%. The average P-wave velocity of the

Bleursville sandstone samples was 2.38 km/s and Figure 3.9 shows that there is a

very slight correlation between higher porosity and slower P-wave speeds.

Figure 3.8: Histogram of the porosity of 58 samples of Bleursville sandstone which were
initially cored for this study. The red line depicts the mean vale of 23.24%.
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Figure 3.9: Scatter graph of p-wave velocity perpendicular to bedding, as a function of
sample porosity.

3.6.2 Locharbriggs sandstone

Locharbriggs sandstone is a homogeneous reddish sandstone from Dumfries, Scot-

land, that has been shown to produce deformation bands due to grain crushing in

both nature and in the laboratory (Ngwenya et al., 2000). The average porosity

was 24.3 % (± 0.5) and the average p-wave velocity was 2.82 km/s. There is a

much higher percentage of quartz in the Locharbriggs sandstone compared to the

Bleursville sandstone, with values of 88% and 66% respectively. The average grain

size of Locharbriggs sandstone is 0.2 mm and the grains are fairly spherical. Macro-

scopically, the samples of the Locharbriggs sandstone show thin, 2 mm dark bands,

which are separated by several centimetres from one another. In the micrograph

shown in Figure 3.10 one of these bands runs horizontally across the image, and

it can be seen that the grain size has been reduced from about 0.2 mm to approxi-

mately 0.08 mm.
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Figure 3.10: Micrograph of undeformed Locharbriggs sandstone under cross-polarized
light. The red ellipse encloses the band of reduced grain size.

3.6.3 Boise sandstone

Boise sandstone quarried from Idaho, USA, is a lot less homogeneous than the

other two sandstones and the grain shape and size is a lot more varied and less

regular. Although in Table 3.6 the average grain size is stated as 0.27 mm, there

are some grains, as seen in Figure 3.11, which are a millimetre or more in diameter

randomly distributed throughout the rock. With an average porosity of 32.3 %,

Boise sandstone has the highest porosity of the samples used in this study.
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Figure 3.11: Micrograph of undeformed Boise sandstone under cross-polarized light.

3.7 Experimental Plan

The following result chapters and corresponding discussions fit broadly into two

sections, and the experimental plan followed in each will now be discussed.

3.7.1 Experimental plan for Chapter 4

Chapter 4 focuses on the short term impact of elevated temperatures on the de-

formation profile sandstone. To assess this, constant strain rate experiments were

performed on the new triaxial apparatus at a rate of 10−5s−1 on Bleursville, Lochar-

briggs and Boise sandstone at either room temperature or 150◦C. The effective

pressure ranges used for each rock were as follows:

• Bleursville Sandstone: 5 to 120 MPa.

• Locahrbriggs Sandstone: 5 to 100 MPa.

• Boise Sandstone: 5 to 30 MPa.
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Each experiment continued until a sudden large stress drop was observed, or to 3

mm of axial shortening, which equates to approximately 5% axial strain once the

shortening of the machine has been taken into account. These experiments typically

took between 45 and 90 minutes. In addition to these constant strain rate tests, a

hydrostatic deformation test was performed on each rock at room temperature and

at 150◦C.

This section will also include a few additional constant strain rate experiments car-

ried out on the 400 MPa triaxial apparatus, which were used to explore in greater

detail a mechanical phenomenon occurring with Locharbriggs sandstone.

In this section all experiments were saturated with water during deformation.

3.7.2 Experimental plan for Chapter 5

Chapter 5 explores the impact of elevated temperature on the deformation of water

saturated sandstone over longer time-scales. To do this a series of constant stress

experiments were carried out on the new triaxial rig on Bleursville sandstone while

at room temperature or 150◦C. Although the differential stress varied for each

creep experiment, the effective pressure always remained at 100 MPa. With each

experiment taking between a few days and two weeks it was not possible to explore

other rock types or effective pressures.

In addition, a few constant load experiments were performed on the 400 MPa triax-

ial rig, however on this occasion some of the samples were saturated with decane

instead of water.





Chapter 4

Effect of Elevated Temperature on

Sandstone Deformation over Short

Time-scales

4.1 Introduction

Chapter 2 introduced the concept of the brittle and ductile regimes of sandstone

deformation, and how the brittle regime is predominately associated with macro-

scopic dilatation and an overall volumetric increase, whereas the ductile regime

comprises of macroscopic compaction and a volumetric decrease (Menéndez et al.,

1996; Wong et al., 1997; Wu et al., 2000; Baud et al., 2004b). The transition from

brittle to ductile deformation is pressure sensitive and is a function of the grain size,

porosity and composition (Zhang et al., 1990). For highly porous sandstones (e.g.

Boise Sandstone, initial porosity 35%) the transition from brittle faulting to com-

paction will start to occur at an effective pressure of above ∼5 MPa. For lower

porosity sandstones (e.g. Daley Dale Sandstone, initial porosity 14%) the transition

will occur at effective pressures closer to 100 MPa (Wong et al., 1997; Baud et al.,

2000a). While at present the pressure dependence on sandstone deformation is rela-

tively well constrained, there is a sparsity of laboratory data exploring the effect that

elevated temperature has on sandstone deformation. This chapter presents results
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and the corresponding discussion from a series of constant strain rate experiments

performed on three sandstones at either room temperature or at 150◦C.

4.2 Methods and Materials

The experiments in this section were performed on the new triaxial deformation

press described in Chapter 3, and used samples of Bleursville, Locharbriggs and

Boise sandstone deformed at a constant strain rate. A strain rate of 10−5s−1 was

used and experiments were performed at effective pressure intervals of between

5 and 120 MPa for Bleursville and Locharbriggs sandstone and 5 and 35 MPa

for Boise sandstone. At these ranges of effective pressures the brittle and ductile

regimes of each sandstone were reached. At each effective pressure value, an ex-

periment was carried out at room temperature and at 150◦C. In addition to the

above tests, a hydrostatic loading test was performed on each type of sandstone at

both room temperature and at 150◦C.

4.3 Results

4.3.1 Mechanical data

Figure 4.1 shows both the differential stress and porosity evolution plotted against

increasing axial strain for experiments on Bleursville sandstone performed at room

temperature or at 150◦C and at an effective pressure of either 5 MPa or 100 MPa.

When Peff = 5 MPa, the differential stress path starts with an initial concave up

phase to approximately 0.25% strain, followed by a quasi-linear portion for the

next 0.5% strain. A deviation away from linearity is then observed followed by roll

over to peak stress which occurs at 51 MPa at room temperature and 46 MPa at

150◦C, (equating to a decrease by 10%). With further axial strain, a phase of strain

weakening is seen, which continues until the macroscopic failure of the sample

through a fault oriented approximately 30o from the direction of σ1 (see Figure

4.15). For the same experiments, there is an initial linear reduction in porosity by
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0.15% for the room temperature test and 0.1% for the 150◦C test. With further

axial strain the samples underwent a porosity increase (or dilation), with a total

net porosity increase at the time of macroscopic failure of 0.6% and 0.5% at room

temperature and at 150◦C respectively.

By contrast, when Peff = 100 MPa, the stress-strain behaviour beyond the linear

phase is initially marked by a brief plateau, occurring at a differential stress of 97

MPa at room temperature and 77 MPa at 150◦C. This plateau or cataclastic flow

stress, continues for approximately 0.5% axial strain and is followed by strain hard-

ening, which continues until the experiment ends. The porosity change at this effec-

tive pressure linearly decreases with increasing axial strain for the duration of the

experiment (excluding the initial settling period of 0.25% strain) with a maximum

reduction at the end of the experiment of 3.2% and 3.5% at room temperature and

150◦C respectively.

The qualitative behaviour of Locharbriggs sandstone deformed at Peff = 5 and 100

MPa is similar to that of Bleursville sandstone (Figure 4.2). When Peff = 5 MPa

the samples underwent brittle failure and the peak stress occurs at 62 MPa when

at room temperature and at 50 MPa when at 150◦C, which represents a reduction

of 18%. Prior to failure, samples at both temperatures had a net porosity increase

of approximately 0.7%. For tests carried out when Peff = 100 MPa, the stress-

strain behaviour for the first 1% axial strain is similar to that of the Bleursville

sandstone, however once the plateau is reached there is a period of strain weakening

and a differential stress drop of 10 to 15 MPa. After this, the differential stress

generally increases, however it is not a smooth increase and is punctuated by many

smaller stress drops. At both temperatures, the first stress drop coincides with the

stress plateau and occurred at 131 MPa when at room temperature and at 111 MPa

when at 150◦C, which corresponds to a reduction of 15%. The porosity change is

very similar to that of Bleursville sandstone and linearly decreases with increasing

axial strain for the duration of the experiment, with a total reduction of 3.5 % at

both temperatures. There does not appear to be any change in the rate of porosity

reduction corresponding to the differential stress drops.
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Figure 4.1: Differential stress and porosity change as a function of axial strain for
Bleursville sandstone, deformed at Peff = 5 MPa (a,c) and at Peff = 100 MPa
(b,d) while at room temperature (blue curves) or 150 ◦C (red curves).

When compared to Bleursville and Locharbriggs sandstone, the stress-strain evolu-

tion for Boise sandstone deformed at Peff = 5 MPa shown in Figure 4.3 is slightly

different. The main contrast is that with Boise sandstone there is not period of ex-

tensive strain weakening, nor is there a large stress drop at failure. Boise sandstone

is also significantly weaker than the other sandstones, with the sample deformed

at room temperature having a peak stress of 22 MPa and 19 MPa when at 150◦C,

which corresponds to a percentage drop of 12%. The porosity evolution for the

Boise experiments when Peff = 5 MPa shown in Figure 4.3(c), shows compaction

for the duration of the experiment. At room temperature the total porosity reduction

is 0.4%, which is similar to the 0.5% observed at 150◦C. When deformed at Peff =

20 MPa, the stress-strain evolution of Boise sandstone in Figure 4.3(b), behaves

similarly to that of Bleursville sandstone when Peff = 100 MPa, with small kinks

occurring at 22 MPa and 19 MPa at room temperature and 150◦C respectively. The
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Figure 4.2: Differential stress and porosity change as a function of axial strain for Lochar-
briggs sandstone, deformed at Peff = 5 MPa (a,c) and at Peff = 100 MPa (b,d)
while at room temperature (blue curves) or 150 ◦C (red curves).

porosity change curves for both of these experiments show compaction increasing

linearly with increasing axial strain, with a overall net porosity reduction of 4% at

both temperatures.

Figures 4.1, 4.2 and 4.3 presented the results from the highest and lowest effective

pressures used for each sandstone. In addition to these tests, Figures 4.4, 4.5 and 4.6

show the stress vs strain data for the experiments carried out at additional effective

pressures for Bleursville, Locharbriggs and Boise sandstone respectively. Although

the stress-strain behaviour is slightly different between each sandstone there are

some general similarities in regards to how the strength of the rock changes with

increasing effective pressure. All three sandstones show a higher peak stress is

reached with an initial increase in effective pressure to a certain value. Beyond

this value the peak stress reached is decreased with a further increase in effective
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Figure 4.3: Differential stress and porosity change as a function of axial strain for Boise
sandstone, deformed at Peff = 5 MPa (a,c) and at Peff = 30 MPa (b,d) while at
room temperature (blue curves) or 150 ◦C (red curves).

pressure. The maximum peak stress occurs at an effective pressure of 55 MPa

for Bleursville sandstone, 55 and 80 MPa for Locharbriggs sandstone and 20 MPa

for Boise sandstone. The effective pressure at which the maximum peak stress is

reached, does not appear to be altered at higher temperature. However, for all of the

stress-strain curves, there is a reduction in the peak stress reached at each effective

pressure when deformed at 150◦C opposed to room temperature.

Figure 4.7 presents the porosity change occurring as a consequence of hydostatic

loading from an effective pressure of 5 MPa to 100 MPa for several experiments car-

ried out on Bleursville sandstone at either room temperature or at 150◦C. At room

temperature the total porosity reduction at an effective pressure of 100 MPa is be-

tween approximately 1.2 and 1.5% and at 150◦C the porosity reduction is between

approximately 1.4 and 1.7%.
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Figure 4.4: Differential stress as a function of axial strain for Bleursville sandstone, de-
formed at a range of effective pressures while at room temperature (blue curves)
or 150 ◦C (red curves).

Figure 4.8 shows the porosity evolution as a function of effective mean stress for

the range of effective pressures used during the differential loading of Bleursville

sandstone along side a room temperature hydrostatic loading curve up to an effective

pressure of 120 MPa. For each triaxial deformation experiment, the deviation away

from a linear change in porosity with increasing effective mean stress marks the

yield point and the onset of inelastic deformation, with a deviation toward the left

marking the onset of dilatancy, termed C′, and a deviation to the right marking the

onset of inelastic compaction, termed C∗. In Figure 4.8, only the hydrostat curve at

room temperature is shown, since no strong systematic difference was observed in

Figure 4.7.

The samples of Bleursville sandstone deformed at Peff = 5 and 20 MPa all failed

through shear localisation and brittle failure regardless of the temperature. It should
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Figure 4.5: Differential stress as a function of axial strain for Locharbriggs sandstone, de-
formed at a range of effective pressures while at room temperature (blue curves)
or 150 ◦C (red curves).

be noted however, that when Peff = 20 MPa the amount of dilation seen was much

lower than the experiments carried out at an effective pressure of 5 MPa, suggesting

the start of the transition to compactive behaviour. Two experiments were per-

formed at an effective pressure of 20 MPa and at 150◦C, and both of these ex-

periments exhibited more compaction than the corresponding room temperature

test, which implies that at 150◦C an effective pressure of 20 MPa is further into

the transition from brittle to compactive deformation than at room temperature. In

the brittle regime and early transitional regime, the higher temperature experiments

tended to yield at an effective mean stress of approximately 1 MPa less than the

room temperature tests, which equates to a differential stress reduction of 3 MPa.

The peak differential stress reached is also reduced at higher temperatures, by 11%

when Peff = 5 MPa, and 24% when Peff = 20 MPa.
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Figure 4.6: Differential stress as a function of axial strain for Boise sandstone, deformed at
a range of effective pressures while at room temperature (blue curves) or 150 ◦C
(red curves).

For the experiments performed when Peff = 25 and 35 MPa, the samples contin-

ued to fail through shear localisation, however the volumetric data show that net

compaction occurred for the duration of the tests at both temperatures. Again, the

elevated temperature resulted in a lowering of the differential stress required at C∗,

with a reduction of between 8 and 12 MPa, which equates to 15 and 21%. The

peak stress value reached at 150◦C is reduced when compared to the room temper-

ature tests by 9% and 13% for the Peff = 25 MPa and Peff = 35 MPa tests respec-

tively.

For experiments performed at effective pressures of 55 MPa and above, the samples

did not macroscopically fail, instead the samples continued to accumulate strain

through a reduction in porosity. The reduction in C∗ at 150◦C is again noticed and

at these effective pressures, the percentage decrease in differential stress at C∗ is
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ing of Bleursville sandstone from 10 to 100 MPa. Blue curves indicate room
temperature tests and red curves represent experiments carried out at 150 ◦C.

between 24 and 37%. For these experiments, the reduction in the cataclastic flow

stress is 18 to 30% at 150◦C compared to the equivalent room temperature tests,

with the reduction increasing at higher effective pressure. Table 4.1 displays the

various values of yield points and peak stress values for all experiments used in this

chapter.

Figure 4.9 shows the porosity change as a function of effective mean stress for

Locharbriggs sandstone deformed at effective pressures of between 5 and 100 MPa.

As when deformed at Peff = 5 MPa, the samples which were deformed at Peff =

25 MPa, also failed by faulting. At room temperature the porosity change shows

compaction for the majority of the test and only exhibits dilation for a brief period

of time prior to failure. While at 150◦C there is never a dilatant dominant phase and

compaction occurred for the duration of the experiment. When Peff = 55 MPa and

above, the samples experienced net compaction for the duration of the experiment

and the differential stress required to cause a given porosity reduction is reduced

at elevated temperatures. The largest stress drops observed during the cataclastic
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Figure 4.8: Porosity change as a function of effective mean stress for constant strain rate
experiments on Bleursville sandstone at a range of effective pressures. Blue
curves indicate room temperature tests and red curves represent experiments
carried out at 150 ◦C. A deviation away from linearity marks the yield stress,
with a deviation to the left indicating dilatancy and a deviation to the right
indicating compaction. The black curve indicates the inelastic compaction as a
result of an applied hydrostatic stress.

flow stress plateau also occurred at 150◦C. With stress drops of 6 MPa readily

observed at this temperature compared to much smaller stress drops of 3 MPa at

room temperature.

Figure 4.10 shows the porosity evolution as a function of effective mean stress for

samples of Boise sandstone deformed at effective pressures of 5, 20 and 30 MPa.

The samples deformed at Peff = 5 MPa failed through strain localisation and the

elevated temperature reduced the yield differential stress from 13.5 to 10.5 MPa,

which corresponds to a reduction of 23%. The samples deformed at Peff = 20 and

30 MPa underwent continuously compaction for the duration of the experiments,

and the increased temperature caused a reduction in the differential stress at C∗ by

25 and 29% respectively. At all of the effective pressures used, both the yield stress

and the maximum effective mean stress reached are reduced at 150◦C. For Boise

sandstone it was possible to reach the hydrostatic grain crushing pressure at both
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Figure 4.9: Porosity change as a function of effective mean stress for constant strain rate
experiments on Locharbriggs sandstone at a range of effective pressures. Blue
curves indicate room temperature tests and red curves represent experiments
carried out at 150 ◦C. A deviation away from linearity marks the yield stress,
with a deviation to the left indicating dilatancy and a deviation to the right
indicating compaction. The black curve indicates the inelastic compaction as a
result of an applied hydrostatic stress.

temperatures. During hydrostatic loading, the first stress step which deviates away

from near linearity marks P∗, and this occurs at 40 MPa at room temperature and

36 MPa at 150◦C, which corresponds to a reduction of 10%.

The compilation of the various yield points gathered in the brittle and ductile

regimes of all three rocks, allows the construction of yield envelopes at room tem-

perature and at 150◦C. The yield envelope represents in P−Q space, the differential

stress required to initiate inelastic deformation at a given effective mean stress. Fig-

ure 4.11 shows the yield points for Bleursville sandstone plotted in P−Q space and

an elliptical line of best fit has been added to the compactive regime at both tem-

peratures. This elliptical curve follows the method described in (Wong et al., 1997;

Baud et al., 2000a) where,

P = P∗[χ +(1−χ)cosθ ]Q = P∗δ sinθ , (4.1)
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Figure 4.10: Porosity change as a function of effective mean stress for constant strain rate
experiments on Locharbriggs sandstone at a range of effective pressures. Blue
curves indicate room temperature tests and red curves represent experiments
carried out at 150 ◦C. A deviation away from linearity marks the yield stress,
with a deviation to the left indicating dilatancy and a deviation to the right
indicating compaction. The black curve indicates the inelastic compaction as
a result of an applied hydrostatic stress.

where θ ranges from 0 to π/2 and both χ and δ correspond to dimensionless pa-

rameters with values of between 0 and 1. Wong et al. (1997) established that for

several sandstones, the yield points fit within two yield caps which can be described

by Equation (4.3.1) with values of (χ,δ ) = (0.5,0.5) and (0.5,0.7). As the value

of P∗ was not attainable for Bleursville sandstone, an estimated range of values of

χ and δ were chosen which provided a reasonable fit to the yield data, while ensur-

ing that the limits established by Wong et al. (1997) were not exceeded. Using this

method and a value of δ = 0.51, the P∗ value at room temperature is predicted to be

160 MPa, with a lower bound of 156 MPa and a higer bound of 164 MPa. At 150◦C,

it was difficult to produce an elliptical curve which fitted the data well, while using

the limits from Wong et al. (1997), which suggests that at 150◦C the ellipse may be

of slightly different shape. Using a δ value of 0.375, a likely P∗ range of 147 and
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Table 4.1: Summary of experimental results presented in Chapter 4

Peff
(MPa)

Temperature
(◦C)

Diff. Stress
at C′

( MPa)

Diff. Stress
at C∗

(MPa)

Reduction in
Diff. Stress at
yield at 150 ◦C

(%)

Peak stress or
cataclastic
flow stress

(MPa)

Reduction in peak
stress or cataclastic
flow stress at 150 ◦C

(%)

Bleursville
5 20 18 45.4
5 150 15 17 50.8 10.5

20 20 39 83.7
20 150 36 8 63.7 23.9
25 20 57 80.6
25 150 45 21 73.6 8.6
35 20 60 94.1
35 150 51 15 82.0 12.9
55 20 78 106.7
55 150 57 27 87.2 18.2
80 20 81 100.6
80 150 54 33 81.4 19.1
100 20 63 96.7
100 150 48 24 77.2 20.2
120 20 57 92.8
120 150 36 37 65.5 29.5

Locharbriggs
5 20 33 61.6
5 150 30 9 49.4 19.8

25 20 84 104.5
25 150 69 18 98.9 2.6
55 20 96 132.6
55 150 87 9 121.7 8.2
80 20 90 133.0
80 150 75 17 124.7 6.2
100 20 93 131.2
100 150 72 22.5 110.90 15.4

Boise
5 20 13.5 21.6
5 150 10.5 22.5 19.0 12.0

20 20 12 21.6
20 150 9 25 19.43 10.0
30 20 10.5 19.0
30 150 7.5 29 121.7 33

153 MPa is established, which has the midpoint of 150 MPa.

Figure 4.12 represents the yield envelopes of Locharbriggs sandstone where the
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Figure 4.11: The yield stresses of Bleursville sandstone picked for all experiments dis-
played in P (effective mean stress) and Q (differential stress) space. Blue
symbols are for room temperature tests and red symbols for 150 ◦C tests. Two
ellipses are fitted to the data in the compactive regime and provide the estimate
for the P∗ value.

same method was used to determine the estimated values of P∗. The P∗ range

was 182 to 193 MPa at room temperature and 156 to 168 MPa at 150◦C, which

corresponds to midpoint values of 188 and 162 respectively. Unlike with Bleursville

sandstone, the values of δ used with Locharbriggs sandstone were within the range

specified by Wong et al. (1997) and had a value of 0.50 at both temperatures.

For Boise sandstone it was not necessary to estimate the P∗ values as these could be

determined experimentally to be 40 MPa at room temperature and 36 MPa at 150◦C.

The shape of the Boise yield envelope in Figure 4.13 is slightly different to the other

two sandstones and as a result neither the value of (χ or ,δ ) could be satisfied using

the limits proposed by Wong et al. (1997). Instead values of (χ,δ ) = (0.3,0.32) at

room temperature and (χ,δ ) = (0.3,0.28) at 150◦C were used.

For the brittle regimes of Bleursville and Locharbriggs sandstone shown in Figures

4.11 and 4.12 the yield points produce a near linear increase in differential stress

with increasing effective mean stress. Boise sandstone produced a much smaller
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Figure 4.12: The yield stresses of Locharbriggs sandstone picked for all experiments dis-
played in P (effective mean stress) and Q (differential stress) space. Blue
symbols are for room temperature tests and red symbols for 150 ◦C tests. Two
ellipses are fitted to the data in the compactive regime and provide the estimate
for the P∗ value.

yield envelope compared to the other sandstones tested and at the effective pressure

conditions used, there was no purely brittle behaviour observed, as even at effective

pressure of 5 MPa the samples were in the brittle ductile transition zone. In the

ductile regime and the brittle-ductile transition, the data of all three rocks fit more

or less on elliptical path, which is akin to data seen in previous studies (Wong et al.,

1997; Baud et al., 2000a). The yield envelopes for all three sandstones experienced

a contraction at 150◦C compared to the room temperature yield envelopes, which

symbolises the reduction in the stress required to initiate inelastic deformation at

the higher temperature.

Figure 4.14 shows the yield envelope for all three sandstones tested and at both

temperatures used on one plot. For the brittle regimes of Bleursville and Lochar-

briggs sandstone the yield points produce a near linear increase in differential stress

with increasing effective mean stress. Boise sandstone produced a much smaller

yield envelope compared to the other sandstones tested and at the effective pressure
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Figure 4.13: The yield stresses of Boise sandstone picked for all experiments displayed in
P (effective mean stress) and Q (differential stress) space. Blue symbols are
for room temperature tests and red symbols for 150 ◦C tests. Only one ellipse
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Figure 4.14: The yield stresses picked for all experiments displayed in effective mean stress
vs differential stress space for (a) Bleursville sandstone, (b) Locharbriggs
sandstone and (c) Boise sandstone. Blue symbols are for room temperature
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conditions used, there was no purely brittle behaviour observed, as even at effective

pressure of 5 MPa the samples were in the brittle ductile transition zone. In the
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ductile regime and the brittle-ductile transition, the data of all three rocks fit more

or less on elliptical path, which is akin to data seen in previous studies (Wong et al.,

1997; Baud et al., 2000a). The yield envelopes for all three sandstones experienced

a contraction at 150◦C compared to the room temperature yield envelopes, which

symbolises the reduction in the stress required to initiate inelastic deformation at

the higher temperature.

4.3.2 Reliability and error

All data produced through rock deformation experiments have a degree of uncer-

tainty due to the nature of the materials deformed and the complexity of the appa-

ratus used. This section will briefly look at the potential sources of error in the data

and the steps that were used to minimise said error.

The homogeneousness of naturally formed rocks can greatly depend on the scale at

which the rock is being looked at and which physical properties are being measured.

Three types of sandstone were used in this study and in the case of Bleursville

and Locharbriggs sandstone, part of the reason that they were selected was that

previous studies have indicated that variability between samples is relatively low.

To help minimise sample variability, each core produced in this study came from

the same 30×20×15 cm block and were machined to lengths of 53 mm. That

being said, there is still natural variability between samples as highlighted by sample

porosities having a range of 2% and 1% for Bleursville and Locharbriggs sandstones

respectively. The Bosie sandstone used in this study had a porosity range of 1%,

however, it can be seen both visually and under a microscope, that the grain size

and mineral distribution is fairly heterogeneous. Care was therefore taken to ensure

that visually each sample looked as close to one another as possible and any areas

of the Boise block that appeared different were not used in this study.

Due to the complexity of the high pressure machinery used in this study, there will

also be a contribution of machine uncertainty in the error of any measurements

taken. Every component of triaxial deformation press used in this study was cal-

ibrated to the highest available standards at several times throughout the 3 years
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of data collection. Despite this, high pressure machinery will never be truly 100%

accurate at all times. As mentioned, calibrations were performed at multiple times

throughout this study to ensure that the output voltage of the pressure transducers,

LVDTs and load cell corresponded to a known pressure or load. Between each cal-

ibration however, there can be a slight change (albeit it very small) in the required

conversion from voltage to the desired unit. As the pressure transducers, LVDTs

and load cell all relied on the conversion of an electrical signal to a meaningful unit

it means that measurements are susceptible to electronic noise. Electronic noise

can change over time as other equipment is installed or removed in the laboratory.

Electronic noise can also change over time due to an alteration in the grounding of

the various components, which can easily happen during routine maintenance and

improvements. An example of electronic noise can be seen in the Boise load data

and this was later resolved by improving the grounding of the load cell.

The displacement of the piston (and therefore load) and both the confining and pore

pressure systems are controlled by high pressure hydraulics. This means that the

whole system is susceptible to oil leaks which can introduce error into measure-

ments. Due to the confining pressure and pore pressure being held at a constant

value for the duration of each experiment, the main source of error as a result of

oil leaks is in the pore volume. A pore volume leak could normally be corrected

by observing how the pore volume evolved in the period of time after hydrostatic

loading but prior to axial loading. If any pore volume decrease was recorded during

this period then it would correspond to a small leak and could then be corrected

for.

Another source of potential error induced into the machine is the effect that small

temperature changes can have on the machine. Due to the volumes of fluid involved

in measuring the pore volume being very small. A small temperature change can

have relatively large impact on the pore volume measured. To minimise this error,

the whole room is air conditioned to keep the temperature constant for both the

duration of each test and over multiple tests. If elevated temperature was being used

in the experiment, then a cooling fan was used to blow cool air onto the load cell
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and LVDT to ensure that these did not get hot. As previous experiments without this

fan demonstrated that the load cell’s zero value was altered if elevated temperature

experiments were being carried out.

Despite the best efforts, it is impossible to completely remove error in these rock

deformation experiments. Ideally, many experiments would be carried out under

identical conditions to quantify the reproducibility of the experiments and the errors

involved . Due to the length of time each experiment takes and the limited amount

of samples, it is not possible to do repeats for every experiment. However, certain

parts of certain experiments were repeated multiple times, so it is possible to look

at these.

The hydrostatic loading curves for Bleursville sandstone displayed in Figure 4.7 all

correspond to samples which were eventually deformed at an effective pressure of

100 MPa. These experiments were performed for the work presented in Chapter

5. It can be seen that the total porosity reduction after hydrostatic loading to 100

MPa varied by about 20% at both room temperature and at 150◦C. If the samples

were all identical and there was no machine error then it would be expected that

all the samples underwent the same porosity reduction. With the porosity change

curves having disparities under hydrostatic loading it is logical to presume these

disparities are also present during axial loading. As the porosity change curve is

used to measure the effective mean stress at which C′ and C∗ occur at, it therefore

follows that there is also some inconsistencies in the chosen C′ and C∗ values. Table

5.1 shows the C∗ values for these same experiments once axial loading commences,

and it can be seen that the picked differential stress values at C∗ do vary by 9 MPa

at room temperature and 8 MPa at 150◦C. While this may appear a large range,

it is important to note that the lowest C∗ value at room temperature is still higher

than the highest value at 150◦C. Another important consideration, is that through

performing experiments at multiple effective pressures, it allows trends to be estab-

lished so that if any individual experiment produces results which do not fit in this

overall trend it could indicate that a substantial error has occurred and the test needs

repeating. So while individual experiments may have error associated with them,
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every step has been taken to ensure that has been minimised, and that any large error

is detectable.

4.4 Deformation structures

The stress-strain curves presented earlier fall into two categories; one where a sharp

stress drop was observed, which coincided with the samples failing through a shear

fracture, and one where the samples continued strain hardening until the experiment

was terminated. The first category occurred when the effective pressure was 5 MPa

and were the experiments in which dilation of the sample was seen prior to the

stress drop. The second category occurred at an effective pressure of 100 MPa for

Bleursville and Locharbrigs sandstones and 30 MPa for Boise sandstone, and was

associated with compaction occurring for the duration of the experiment. These

two categories present themselves as different styles of deformation which can be

seen macroscopically at the end of the experiment. Regrettably, when removing

samples from the pressure vessel or from the rubber jacket the samples are often

put under a tensional force, and this, combined with the friable nature of the rocks,

means the preservation rate of our deformed samples is poor. This is especially

true for samples deformed at elevated temperature, as on cooling, the rubber jacket

and sample become slightly stuck together, making removing the sample from the

jacket that much more difficult. Some samples have been recovered for post-mortem

analysis, but unfortunately, it was not possible to conduct post-mortem analysis

on samples performed at identical pressure conditions but different temperatures.

Appendix B includes the pictures and optical micrographs for the samples which

were recoverable post deformation.

Figure 4.15 shows a Bleursville sandstone sample deformed at an effective pressure

of 5 MPa and one clean sample-scale fracture can be seen running at approximately

30o from the direction of applied load. Most experiments which ended with a large

stress drop had one large fracture running through the sample, although a few ap-

peared to have multiple, or conjugate pairs of faults within the sample. Figure 4.15
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also shows a Bleursville sandstone sample deformed at an effective pressure of 55

MPa, and this sample is representative of Bleursville sandstones sample deformed

at an effective pressure of 55 MPa and above. In this sample there is a band of pale

material in the upper third of the sample. The band material is less cohesive than

the macroscopically undamaged bottom two thirds of the sample. To eye, there ap-

pears to be no difference in the samples deformed at room temperature or at elevated

temperature.

1 cm

Bleursville  
Peff  = 5 MPa
Axial Strain = 1.5%
Temp. = 150° C 

Bleursville  
Peff  = 55 MPa
Axial Strain = 5%
Temp. = 29° C 

Figure 4.15: Two samples of Bleursville sandstone. The sample on the left was deformed at
Peff = 5 MPa and 150 ◦C to 1.5% axial strain before failure. The sample on the
right was deformed at room temperature while Peff = 55 MPa and experienced
5% axial strain before the experiment was ended.
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4.5 Discussion

4.5.1 Interpretation of mechanical data

The differential stress versus axial strain curves shown in Figures 4.1, 4.2 and 4.3

at 5 MPa effective confining pressures are characteristic of sandstone deformed in

the brittle regime (Wong et al., 1997; Baud et al., 2000a). The initial concave up

phase is associated with the closure of pre-existing microcracks and pores, and this

is followed by a quasi-linear, elastic phase, which did not seem to be strongly influ-

enced by the temperature increase. Once the differential stress value C′ is reached,

inelastic strain is introduced into the sample which is accommodated through micro-

cracking. When microcracking becomes present within the sample, the net amount

of compaction is reduced by the dilatant nature of the microcracking and this causes

the deviation away from linearity of the porosity evolution curves in Figures 4.1 and

4.2. Eventually the microcracking is so pervasive that the rate of dilatancy is greater

than the rate of compaction so the net change in the volume of sample becomes di-

latant. Increasing the temperature to 150◦C does not alter the general shape of the

curves for all three sandstones. However the values of C′ and peak stress are reduced

by between 9 and 17% for the Bleursville samples, and 10 and 19% for the Lochar-

briggs samples. The porosity change curves for Boise sandstone deformed when

Peff = 5 MPa shown in Figure 4.3, indicates that compaction is dominant through-

out the duration of each experiment, regardless of the temperature. However as the

samples appeared to undergo shear localisation and brittle failure, it would imply

that at an effective pressure of 5 MPa Boise sandstone is already in the brittle to

ductile transitional regime.

The onset of the transition from net dilatant to net compactive behaviour appears

to be impacted by the temperature increase, with the transition occurring at lower

effective stress at higher temperature. The experiments performed at 150◦C on

Bleursville sandstone deformed at Peff = 20 MPa (Figure 4.8) and Locharbriggs

sandstone deformed at Peff = 25 MPa (Figure 4.9) show greater amounts of com-
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paction than the equivalent room temperature tests. The transition from predom-

inately dilatant behaviour to predominately compactive behaviour coincides with

the change in the magnitude of differential stress the rock can support as a result

of increasing effective pressure as seen in Figures 4.4, 4.5 and 4.6. In the dilatancy

dominated regime, an increase in effective pressure increases the maximum peak

stress, whereas in the compactive regime, an increase in effective stress reduces the

maximum differential stress the rock supports.

The differential stress versus axial strain curves for Bleursville and Locharbriggs

samples deformed at an effective pressure of 100 MPa presented in Figures 4.1

and 4.2, along with the Boise sandstone deformed at effective pressures of 30 MPa

shown in Figure 4.3, show characteristic behaviour for sandstones deformed in the

ductile regime. Due to the elastic closure of pre-existing microcracks and pores,

the initial portion of the stress strain curves and porosity evolution curves are sim-

ilar to those in the brittle regime. However, at the yield point no dilation is seen

and the samples will continue to compact for the duration of the experiment. The

compaction occurring after yield is the result of intragranular cracking and grain

crushing, and continues until the completion of the experiment at 5% axial strain.

At 150◦C the qualitative shape of the curves was similar to those produced at room

temperature. However, depending on the sandstone, there is a reduction of both the

yield stress at C∗, by 9 to 37%, and the cataclastic flow stress by 6.2 to 29.5%.

Figure 4.14 show that the weakening effect due the temperature increase is in gen-

eral more pronounced in the ductile regime than the brittle regime when measured in

terms of the absolute stress reduction. However, when examining the relative stress

reduction expressed as a percentage, the weakening due to increased temperature

of the brittle and ductile regime appear much more similar. An important caveat

to note when discussing the relative weakening, is that because the brittle regime

is associated with lower stresses than the ductile regime, any experimental noise or

machine error will manifest as a larger percentage change. This means that while

we can be relatively confident in stating the absolute reduction in the effective mean

stress at C′ is of the order of 1 MPa, a change of this by a few tenths of an MPa
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would drastically alter the relative stress reduction.

4.5.2 Controlling mechanism

To determine why a relatively modest temperature increase of 130◦C can reduce

the values of both C′ and C∗, it is essential to understand the processes which are

occurring on the microscale and drive any macroscopic observations. As described

in Chapter 2.2, many previous studies have identified that the inelastic compaction

of porous rocks is accommodated by grain crushing and the infilling of pore space

(Zhang et al., 1990; Menéndez et al., 1996; Wong and Baud, 2012a). Grain crushing

is initiated due to the high compressive stresses generated at the small contact area

between two adjacant grains and this style of fracturing can be inferred as hertzian

fracturing. Ihis style of fracturing can only occur at higher confining pressures,

as high normal stresses are required to prevent any slip occurring on preexisting

microcracks or between grains. Hertzian fracturing is also the dominant deforma-

tion mechanism occurring once the hydrostatic grain crushing pressure is reached.

It should be recalled that Wong et al. (1997) concluded that the compactive yield

envelope of sandstones scales with the value of P∗, and this is complemented by

an earlier study by Zhang et al. (1990) who determined that the effective mean

stress at P∗ is proportional to the grain size and the porosity as shown in Equation

(2.4.2.3).

It would therefore follow that the shrinkage of the compactive yield envelope due

to the temperature increase, would correspond to a reduction in the magnitude of

P∗. On the contrary, if the reduction in P∗ is known, then it could be possible to

estimate the approximate values of the yield envelope using just the P∗ value.

Three different mechanisms can be considered to explain the weakening observed at

elevated temperature: intergranular pressure solution, a reduction in fracture tough-

ness or an increase in crack growth kinetics.



146Effect of Elevated Temperature on Sandstone Deformation over Short Time-scales

4.5.2.1 Intergranular pressure solution

Intergranular pressure solution involves the dissolution of grain material at highly

stressed grain contacts prior to the diffusion and precipitation of this material to

lower stressed grain boundaries. This process is known to have a temperature de-

pendence and 150◦C is often seen as the lower bound temperature at which it is

detectable in quartz rich rocks (Rutter, 1976b; Niemeijer et al., 2002; Spiers et al.,

2003). Using a dissolution limited pressure solution model combined with theoret-

ical values utilised in previous studies combined with theoretical values utilised in

previous studies (Niemeijer et al., 2002; Zhang et al., 2010), it is possible to calcu-

late the expected strain rate due to pressure solution at 150◦C. This model assumes

dissolution is the limiting factor in the rate of pressure solution and uses an assem-

blage of spherical quartz grains packed in a simple cubic arrangement so that the

strain rate due to pressure solution is

ε̇ = 6Ω×10(1.174−0.002028T−4158/T )
[

exp
(

BPΩ

RT

)
−1
]

f
d

(4.2)

where ε̇ is the volumetric strain rate, Ω is the molar volume of quartz, T is the

temperature, d is the grain size, f a non-dimensional grain packing factor, B a stress

amplification factor, R is the Boltzmann constant and P the effective pressure. Both

the grain packing factor and the stress amplification factor are a function of the

matrix geometry, and for simple, regular geometries can be calculated explicitly.

However, due to the more complex and irregular arrangement of grains in natural

samples, these calculations become much more convoluted and are not necessary

for order of magnitude computations. Therefore following Zhang et al. (2010), we

deem it appropriate to assume a value of 1 for the stress amplification factor and a

value of 6 for the grain packing factor.

When a grain size of 0.1 mm is used at an effective pressure of 100 MPa, the theo-

retical strain rate would be of the order of 10−9s−1 at 150◦C. As this is four orders

of magnitude lower than the imposed axial strain rate, it would suggest that pres-

sure solution would not play a role in sandstone compaction under our experimental
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conditions.

4.5.2.2 Reduction of fracture toughness

We adapt a similar approach to that used by Baud et al. (2000a) when explaining

the weakening effect of water on sandstone, as shown in Equation (2.5.2.1). As

previously mentioned, the ductile regime of sandstone deformation is controlled by

the hertzian fracturing of grains, a process which leads to macroscopic ductility,

but is fundamentally controlled by microscale brittleness. In Section 2.4 it was

established that, crack growth will only occur once the strain energy release rate,

G, reaches a critical value, GC, so that the surface energy plus other dissipative

processes are overcome. If the magnitude of G C is reduced at elevated temperature

to a new value termed G C(150), then from Equation (2.16)

GC(150) =
(1−ν2)

E
K2

IC(150), (4.3)

For this to hold true, it is a requirement that the Young’s modulus, E, and the Pois-

son’s ratio ,ν , remain relatively unaltered at higher temperature. The data presented

in Figure 4.7 showed that under hydrostatic loading the increased temperature in-

creased the elastic compaction of Bleursville sandstone. However, taking the gra-

dients of the elastic portion of the stress-strain curves shown in Figures 4.1, 4.2

and 4.3, it is possible to compute the Young’s modulus of each sample. The av-

erage calculated Young’s moduli were 9.3 GPa and 8.3 GPa for Bleursville sand-

stone at room temperature and 150◦C respectively. For Locharbriggs sandstone, the

Young’s modulus was 10.2 GPa and room temperature and 11.2 GPa at 150◦C, and

for Boise sandstones the values were 4.0 GPa at room temperature and 2.8 GPa at

150◦C. Figure 4.16 shows the Young’s modulus as a function of effective pressure

for each rock type, and it can be seen for Bleursville and Locharbriggs in particu-

lar, that there is no clear correlation between the Young’s modulus and either the

effective pressure nor the temperature. For Boise sandstone the Young’s modulus

is consistently lower at 150◦C than room temperature for all experiments. How-
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ever, the reduction observed in Boise sandstone at elevated temperature is on the

order of 1 GPa, which is much lower than the ± 4 GPa deviation from the average

that all three rocks exhibited. Combined with the hydrostatic deformation curves,

it is therefore probable that the elastic modulus of the rocks are only being altered

negligible amounts by the increased temperature.
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Figure 4.16: The Young’s moduli for Bleursville, Locharbriggs and Boise sandstone as
calcuated from the gradient of the respective stress-strain curves, at a range of
effective pressures while being deformed at room temperature (blue) or 150 ◦C
(red).

If we presume therefore that both the Young’s Modulus and Poisson’s ratio are

changed by a negligible amount then Equation (2.27) can be rewritten to include

KIC(150), so that

P∗150 = 2.2
(1−ν2)2

E2(1−2ν)3

K3
IC(150)

(φc)3/2 , (4.4)

where ν is the Poisson’s ratio, E is the Young’s modulus, φ is the porosity and c
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is the length of the pre-existing microcracks which scales with grain size. If the

pre-existing crack length and porosity are also presumed to be unchanged by the

temperature increase, then the ratio between the room temperature P∗ value and the

P∗ value at 150◦C will be a function of the ratio of the KIC values. So that

P∗150
P∗20

=

(
KIC(150)

KIC(20)

)3

(4.5)

where subscripts denote the temperature in ◦C.

The P∗ values measured in the experiments or estimated from the extrapolated yield

curves are shown in Table 4.2, as are the predicted P∗ ratios. It is seen that a reduc-

tion of 3% in KIC is calculated for the Bleursville samples and Boise samples and

4% for the Locharbriggs.

Table 4.2: Reductions in the value of P∗ and KIC at elevated temperature.

Rock Type P∗20 MPa P∗150 MPa P∗150
P∗20

KIC reduction
Bleursville 160 150 0.94 3 %
Locharbriggs 188 162 0.86 4%
Boise 40 36 0.9 3%

The results have shown that the temperature increase has a greater weakening im-

pact on the fully ductile regime than the brittle regime, especially for Bleursville

and Boise sandstones. Section 2.4.2.2 introduced the sliding wing crack model,

which states that preferable oriented microcracks are able to slide once a critical

stress value is reached and the frictional forces are overcome. The sliding motion

imparts a tensile stress at the crack tip which can cause crack growth and propaga-

tion (Ashby and Sammis, 1990; Ashby and Hallam, 1986; Nemat-Nasser and Horii,

1982). Recalling that the stress value at the onset of dilatancy corresponds to (2.21),

then it would follow that if KIC was altered to KIC(150) at 150◦C then the onset of

dilatancy could therefore be given by

σ1 =

√
1+µ2 +µ√
1+µ2−µ

σ3 +

√
3√

1+µ2−µ

KIC(150)√
πc

. (4.6)
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At a given coefficient of friction and confining pressure, the yield stress in the brittle

regime scales linearly with KIC (Equation (4.6)), whereas in the ductile regime the

yield stress scales with scale with K3
IC ((4.4)) corresponding to the ductile regime.

This is qualitatively consistent with our observation that an increase in temperature,

if indeed responsible for a reduction in fracture toughness, would have a stronger

weakening effect in the ductile regime compared to the brittle regime.

Despite this general qualitative agreement, quantitative consistency is difficult to

establish. In Bleursville sandstone at an effective pressure of 5 MPa the onset of di-

latancy occurred at 18 MPa differential stress. If a friction coefficient of 0.6 is used,

which is common to most rocks (Byerlee, 1978), then from Equation (2.21), KIC√
πc

is equal to approximately 2.5 MPa, which is of similar magnitude to values found

by Wu et al. (2000) for Darley Dale (3.21 MPa) and Berea sandstones (4.71 MPa).

From our analysis in the ductile regime (Equation 4.5) a 3% reduction in the value

of KIC at 150◦C in Bleursville sandstone has been infered. At an effective pressure

of 5 MPa, Equation (4.6) yields that a 3% reduction in KIC√
πc would lead to only a

0.2 MPa or approaximaly 1% reduction in the differential stress at C′. The results

produced in this study however, indicated that a temperature increase to 150◦C re-

duced the onset of dilatancy by 8 to 18 %. This is comparable to results reported

by Heap et al. (2009c) where an increase in temperature from room temperature to

75◦C corresponded to a reduction in C′ by 6 to 10 % for Bentheim, Darley Dale and

Crab Orchid sandstones. To achieve an 18% reduction in C′, as seen in Table 4.1,

solely as a result of a reduction in KIC in the sliding wing crack model, it would be

necessary to reduce KIC by nearly 40%, which is not a realistic value, nor in line

with data from the ductile regime. This suggests that a reduction in KIC alone can

not be used to explain the weakening observed at elevated temperature, or that the

sliding wing crack model does not accurately capture the stresses required at the

onset of dilatancy.

One way in which the observed numerical discrepancy can be overcome, is if the

coefficient of friction is reduced from 0.6 to 0.55 (around 10%). This, combined

with a 4% reduction in KIC, lowers the differential stress at C′ by 3 MPa , which
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is more in-line with our experimental results. In the work presented by Baud et al.

(2000a), the weakening effect of water on sandstone was also attributed to both a

reduction in KIC and the coefficient of friction.

4.5.2.3 Increase in crack kinetics

In the previous section, the weakening of the ductile deformation of sandstone due

to a moderate temperature increase was attributed to a reduction in the fracture

toughness. However, as shown in Section (2.5.2), it is known that the growth and

propagation of microcracks in both the brittle and ductile regimes can occur when

the stress intensity factor is below the critical value (Wiederhorn, 1974; Atkinson,

1980; Brantut et al., 2013). Subcritical cracking causes the propagation of a microc-

rack as a result of the pore fluid chemically reacting with a stressed bond on a crack

tip in a process known as stress corrosion (Atkinson, 1982). In addition, subcritical

crack growth is generally considered to result from thermally activated processes,

and in silicate rocks and quartz single crystals even a relatively modest increase in

temperature, of the order of a few tens of degrees, can produce orders of magnitude

increases in crack growth rate (Atkinson, 1984).

The most astute models for crack growth velocity as a result of stress corrosion are

those which have a theorectical founding such as the one by Darot and Gueguen

(1986), which can be derived from chemical kinetics models. In this model, the

crack velocity is given by the exponential relationship,

ν = ν0

[
exp
(
−H
RT

)][
exp
(

b`G
2RT

)][
exp
(
−b`γ
RT

)]
, (4.7)

where ν is the crack velocity of a single crack, ν0 a reference velocity, ` is the crack

front length, b is an elementary step size associated with the subcritical cracking

process, H is an activation enthalpy, R is the gas constant, T is the absolute tem-

perature, G the strain energy release rate and γ the surface free energy. The first

exponential term captures the temperature dependence on crack growth velocity,

the second exponential term captures the dependence on stress, and the third ex-
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ponential captures the dependence of the chemical environment on crack growth

velocity. Equation (4.7) along with Equations (2.31), (2.32) and (2.34) capture the

temperature dependence of the crack growth velocity as a result of stress corrosion,

and highlights that at a given applied stress, a greater temperature equates to faster

crack growth.

The lowering of fracture toughness and an increase in crack kinetics are likely to

impact different regions of the crack growth velocity curve presented in Section

(2.5.2). A reduction in fracture toughness and a lowering of GC and KIC at elevated

temperature, will mean that region III will be reached at lower applied stress val-

ues, whereas an increase in crack kinetics at elevated temperature will result in an

increased crack growth rate corresponding to the chemically driven region I.

Our experiments were all conducted at constant strain rate. One possibility is that

crack growth rate is always high, so that deformation is primarily driven by in-

creasing stress and crack propagation is described by a simple G = Gc criterion. In

that scenario, the influence of subcritical cracking and the associated rate effects

are negligible, and the weakening observed at high temperature would be the direct

consequence of a decrease in KIC, i.e., a decrease in Gc. However, the underlying

physical process driving the decrease in toughness with increasing temperature is

unclear: Darot et al. (1985) report a decrease in fracture energy in quartz at elevated

temperature, which was interpreted as a decrease in surface energy γ . In principle,

a decrease in γ (to γ ′) could lead to a decrease in Gc (to G′c, Figure 4.17), but this

would require that the dissipation processes involved in Gc remain comparable to

2γ . An alternative analysis is that, with increasing temperature, rate effects such

as subcritical crack growth become significant and allow crack growth to occur at

G < Gc. Furthermore it could be possible that γ remains unchanged and a reduction

in Gc to G′c may be a result of solely a reduction in dissipative processes.

There is always a great difficulty in upscaling micromechanical models of crack

growth rates to macroscopic strain rates and any such relationship between the two

strongly depends on detailed assumptions about the microcrack geometry. How-
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Figure 4.17: A schematic diagram showing the crack velocity as a function of the strain
energy release rate, the blue curves show the crack velocity at room tempera-
ture and the red curve the velocity at 150 ◦C. The dashed part of the red curve
illustrates a potential decrease in Gc down to a lower value G′c at elevated tem-
perature, which would produce a weakening in the rate-insensitive scenario.
If subcritical crack growth is active (rate-sensitive case, solid red line), an in-
crease in temperature at a given crack growth rate would lead to a decrease in
G, effectively reducing the strength of the rock.

ever, if we assume that crack growth is the limiting step to accumulating macro-

scopic strain, then the instantaneous strain rate is, to first order, proportional to

the microcrack growth rate. In region I, where crack growth is limited by reaction

rate, subcritical crack growth rate can be derived as shown in Equation (4.7) and it

implies that increasing temperature may have a threefold effect: (1) it directly am-

plifies crack growth rate by a factor given by the exponential term, (2) it reduces the

sensitivity of crack growth rate to energy release rate, and (3) potentially accelerate

crack growth if γ is reduced. These effects are depicted schematically in Figure

4.17. Maintaining a given crack growth rate v to reflect the imposed constant strain

rate in our experiments, and further assuming for simplicity that γ is constant, the

relative change in energy release rate ∆G associated with a change in temperature

∆T is



154Effect of Elevated Temperature on Sandstone Deformation over Short Time-scales

∆G
G

=−∆T
T

[
2H∗

b`G
−
(

1− 2γ

G

)]
. (4.8)

The relative decrease ∆G/G depends on G itself, which for quartz ranges from a

lower bound 2γ ≈ 1 J/m2 (Parks, 1984) up to around 12 J/m2, as reported from

fracture toughness measurements (e.g., Atkinson, 1979). Using kinetic parameter

values determined for quartz in water by Darot and Gueguen (1986), H∗ = 2.5×

10−19 J/molecule, b` = 1.8×−20 m2, we find that ∆G/G ranges from −11.7 to

−0.59 for a temperature rise from 25◦C to 150◦C. A reduction of G by around 60%

corresponds to a reduction in KI by around 35%, which is an order of magnitude

greater than the upper range of our observations. It is therefore unlikely that the

weakening effect of temperature is due to an increase in subcritical crack growth

rates, reducing the energy release rate (or, equivalently, the stress intensity factor)

required for crack growth at a given rate.

To assess if all the weakening could be explained by an increase in crack kinetics,

two additional experiments were performed at an effective pressure of 100 MPa on

Bleursville sandstone at a strain rate of 10−4 s−1 while at either room temperature

or 150◦C. It would be expected that if the main weakening mechanism was indeed

increased crack kinetics, then the observed weakening due to elevated temperature

would be less at higher strain rates. Figure 4.18 shows the stress-strain curves for

these additional experiments in comparison to the experiments performed at a strain

rate of 10−5 s−1, and it can be seen that there is virtually no difference in the stress

levels reached at the two strain rates. This is in agreement with the hypothesis

that subcritical crack growth does not control the strength at the tested strain rate.

Indeed, Equation (4.7) implies that a change in crack growth rate from v to v′ is

associated to a change in energy release rate from G to G′ expressed as

G′−G =
2kT
b`

ln(v′/v). (4.9)

Using the parameter values obtained for wet quartz and a ten-fold increase in v, we
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obtain an increase in G of the order of 1.5 J/m2. This is at least a 10% increase in

G, which should be observable in the stress-strain curves. Therefore, we conclude

that subcritical crack growth in regime 1 is not likely to be the dominant process

controlling the strength of sandstones at the tested strain rates. This conclusion is

drawn from a simple assumption that crack growth rate reflects the macroscopic

strain rate, and using parameter values relevant to quartz only.
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Figure 4.18: Differential Stress against axial strain for Bleursville sandstone deformed at
an effective pressure of 100 MPa at room temperature (blue) or 150 ◦C (red)
at either 10−4 s−1 (diamonds) or 10−5 s−1 (circles)

Even though increased kinetic effects may not be dominant in the range of strain

rates and temperature investigated here. Some evidence suggesting that an increase

in crack kinetics has occurred, can be seen if we look more into the yield envelopes

of Boise sandstone, which is the only sandstone for which we could experimentally

determine P∗. As mentioned previously, studies have shown the elliptical yield cap

scale with the value of P∗, and if this holds true for Boise sandstone, the yield en-

velopes at both temperatures when normalised by their respective P∗ values should

collapse on to one another. What we observe in Figure 4.19 is that even once nor-

malised, the yield envelope at 150◦C is slightly smaller than at room temperature,
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albeit the difference is only small. The different experimental methods used to gen-

erate the pressures at P∗ or at C∗ could be a cause of this small difference. The P∗

stress value is obtained by increasing hydrostatic pressure in steps, with each step

occurring after the pore volume of the sample has stopped both elastically compact-

ing and creeping at a volumetric strain rate of 10−8s−1 or less. This means that

prior to each pressure step, the majority of microcracks are in equilibrium with the

chemical environment, and any crack growth rates are below detectable laboratory

levels. By ensuring that the pressure steps are small, it only take minimal amounts

of subcritical crack growth for the cracks to return to equilibrium with the environ-

ment. Therefore, the sudden increase in porosity reduction at P∗ should be mainly

a manifestation of KI reaching KIC, and not just an increase in the rate of subcriti-

cal cracking. This is in contrast to the constant strain rate tests, where the constant

increase in stress means that cracks are never in equilibrium with the environment

and so will be experiencing the deformation effects of both KI approaching KIC and

subcritical cracking. It therefore follows that the slightly larger reduction in the

stress at C∗ than P∗ could then be explained by a greater contribution of chemically

driven subcritical cracking seen during the constant strain rate tests.

While our experimental evidence suggests that a reduction in fracture toughness

has occurred, it is currently not possible to determine what component(s) of the

sandstone are experiencing the weakening. Likewise, the experiments on Boise

sandstone suggested that increased crack kinetics were observed, but again it is

currently unclear at this stage where the increased rates of subcritical cracking oc-

curred. 4.1 shows that in general Locharbriggs sandstone experienced the smallest

percentage of weakening. This sandstone was also the sandstone with the highest

percentage of quartz and the lowest amounts of feldspars and clays, which suggests

that the higher quartz content may lower the weakening observed at high temper-

ature. Nevertheless, even a sandstone of nearly pure quartz could be expected to

show signs of weakening elevated temperatures as experiments carried out on pure

quartz sand by Karner et al. (2008); Choens and Chester (2018) demonstrated that

the value of P∗ was reduced at 150◦C by approximately 10%. This authors also ex-
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Figure 4.19: The yield envelope of Boise sandstone with the values of both differential
stress and effective mean stress normalised by the P∗ stress value.

plored the combined effect of strain rate and temperature and noticed that at lower

strain rates the weakening effect of elevated temperature was greater and this was

attributed to an increase in subcritical cracking at lower strain rates. To quantify

the magnitude of increase in the rate of subcritical cracking as a result of elevated

temperature on sandstone, it is necessary to explore how the strain rate impacts the

amount of weakening observed at higher temperature. At lower strain rates the aver-

age crack growth velocity is also slower, so the contribution of subcritical cracking

is thought to be much greater. Therefore any increase in the rate of subcritical

cracking due to increased temperature should manifest more at lower strain rates.

One of the methods to explore the strain rate dependence of process is to carry out

creep experiments which can span strain rates of several orders of magnitude in one

test.

4.6 Conclusion

In this study we demonstrated through triaxial deformation experiments performed

on water saturated samples of Bleursville, Locharbriggs and Boise sandstones, that
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increasing the temperature from room temperature to 150◦C weakens sandstone

by an non negligible amount in both the brittle and ductile regime. This weak-

ening varies by rock type and the effective pressure used, but in general is more

pronounced in the compactive ductile regime than in the brittle regime. The yield

stress in the ductile regime was reduced by up to a 33%, whereas in the brittle

regime the maximum reduction observed was 18%. The lowering of the yield stress

corresponds to a shrinking of the elliptical yield envelope. The overall weakening of

the rocks with increasing temperature under hydrothermal conditions is interpreted

as a reduction of fracture energy, possibly combined, to a minor extent, with an

increase in the rate of subcritical cracking.

Our results on sandstones are consistent with observations on sand aggregates (e.g.,

Choens and Chester, 2018), and demonstrate that elevated temperature facilitates

cataclastic compaction processes. With increasing depth in the crust, both confin-

ing pressure and temperature act to favour compactant deformation of sandstones:

pressure tends to promote grain crushing and porosity reduction as opposed to dila-

tant crack opening, and temperature facilitates these cracking processes. Due to the

thermal activation of subcritical cracking processes, we expect temperature to have

an even greater weakening effect at low strain rates, which should be detectable in

creep tests.



Chapter 5

Effect of Elevated Temperature on

Sandstone Deformation over Long

Time-scales

5.1 Introduction

Conventional approaches to rock deformation assume that the inelastic deformation

of rocks will be initiated once a critical level of applied stress is reached (Paterson

and Wong, 2005; Scholz, 2019). However, through a combination of experimen-

tal and theoretical work it has been demonstrated that rocks will readily deform in

the presence of a chemically active fluid at stress levels well below this perceived

critical limit in a phenomenon known as subcritical cracking (Anderson and Grew,

1977a; Atkinson and Meredith, 1987; Lawn, 1993). For deformation regimes where

microcracking is the primary process by which strain is accommodated, subcritical

cracking occurs as a result of chemical interactions between a reactive agent and

the grain material located in stressed crack tips. These chemical interactions act

to weaken the strength of the bonds at the crack tip and enable growth growth and

propagation at lower stresses. The process of bond weakening is known as stress

corrosion, and in sandstones the primary chemical interactions are thought to oc-

cur between quartz and water (Scholz, 1972). The rate of crack growth due to
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stress corrosion is highly sensitive to the applied stress and can be several order of

magnitude slower than dynamic fracture occurring as a result of the critical stress

level being reached (Lawn and Wilshaw, 1993). The slower nature of crack growth

due to stress corrosion results in subcritical cracking exhibiting a time dependency

(Brantut et al., 2013).

The time dependency of subcritical cracking has been shown in single crack ex-

periments (Atkinson, 1982; Atkinson and Meredith, 1987) and its manifestation at

the macroscopic scale, in samples containing a large population of cracks, has been

evidenced through creep experiments (Brantut et al., 2013). On sandstones, creep

experiments have shown that time-dependent inelastic deformation can occur in the

brittle regime (Ngwenya et al., 2001; Heap et al., 2009b; Shengqi and Jiang, 2010;

Jiang et al., 2013) and also in the ductile regime (Heap et al., 2015). Work carried

out in the brittle regime of sandstone deformation has demonstrated that a tempera-

ture increase from room temperature to 75◦C can increase the strain rate at a given

applied stress by 2 to 3 orders of magnitude. However, what has currently not been

experientially studied is the effect that elevated temperature has on ductile time

dependent deformation. As the transition from the brittle to the ductile regime of

sandstone deformation can require effective pressures of 10s of MPa (Wong et al.,

1997) it is paramount that the temperature dependence of time dependent sandstone

deformation is experimentally explored.

Chapter 4 presented a series of results from constant strain rate experiments per-

formed on three sandstones at either room temperature or at 150◦C. It was observed

that for a given effective pressure all three sandstones experienced a reduction at

150◦C in the differential stress required to cause inelastic compaction, and where

measurable, there was a reduction of about 10% in the hydrostatic grain crushing

pressure P∗. The overall weakening at elevated temperature was attributed to a com-

bination of a reduction in fracture toughness and an increase in the rate of subcritical

cracking. As all of experiments presented in Chapter 4 where performed under con-

stant strain rate conditions, it is difficult to establish how the elevated temperature

influences the rate of subcritical cracking. Through a series of creep experiments



5.2. Methods 161

performed in the ductile regime of Bleursville sandstone, this chapter attempts to

explore the effect of elevated temperature on the rate of subcritical cracking.

5.2 Methods

Experiments presented in this chapter were performed on the new triaxial deforma-

tion press described in Chapter 3, and used samples of Bleursville sandstone. All

experiments used an effective pressure of 100 MPa, which is in the fully ductile

regime of Bleursville sandstone. Experiments started with the sample being axial

loaded using a constant strain rate of 10−5s−1, until a desired level of differential

stress was achieved, at which point the stress was held constant for a period of time.

Any further corresponding deformation was recorded and if at any point during the

experiment the axial strain rate decreased to approximately 10−8s−1 either a stress

step of 5 MPa was applied or the experiment was ended. Experiments were primar-

ily carried out at room temperature or at 150◦C, with a few additional experiments

carried out at 75◦C.

5.3 Results

Figure 5.1 shows data from two constant strain rate experiments and two creep

experiments. The constant strain experiments are the same as those described in

Chapter 4 and are included as a reference for the creep experiments. The differential

stress levels for the creep experiments exhibited in Figure 5.1, were chosen to occur

at the onset of the differential stress plateaus observed during the constant strain rate

loading phase of each experiment. This resulted in a creep stress of 93 MPa at room

temperature and 78 MPa at 150◦C. The measurements of porosity change (Figure

5.1, part b) show that all samples experienced compaction for the duration of the

experiment. The total porosity reduction was between 3 and 4% for all tests, and

although both of the creep experiments underwent a porosity reduction of roughly

0.4% more than the same temperature constant strain rate test, this is likely within

typical sample variability and machine error. The axial strain rates for the same
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creep experiments are shown in part (c) of Figure 5.1. During the constant strain

rate loading phase the strain rate is at the imposed 10−5s−1, and this strain rate

value continues past the onset of creep for 0.3% axial strain at room temperature

and 0.8% at 150◦C. The strain rate then decreases at both temperatures in a fairly

log-linear manner with increasing axial strain, so that the strain rate at 4.8 % axial

strain is 1×10−8s−1 at room temperature and 7×10−8s−1 at 150◦C.
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Figure 5.1: (a) Differential stress against axial strain for three constant strain rate tests
(dots) and three creep tests (line), at 150 ◦C (red) and room temperature (blue).
(b) Porosity change against axial strain for the experiments depicted in (a).
A negative porosity reduction indicates compaction. (c) Axial strain rate as
a function of axial strain for the creep experiments shown in (a). The black
dashed line indicates a strain rate of 10−5s−1 which is the strain rate of con-
stant strain rate experiments and the loading phase of the creep experiments. In
all figure parts the dotted vertical line indicates the onset of creep.

Figure 5.2 shows results from experiment similar to those presented in Figure 5.1,

except in this case, the differential stress level for the creep experiments was 77

MPa at room temperature and 66 MPa at 150◦C. In addition to these tests, Figure
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5.2 also shows the results from one constant strain rate and one creep test at 75◦C.

The constant strain rate test performed at 75◦C shows a differential stress plateau at

90 MPa, which is in between the 97 MPa plateau seen at room temperature and the

80 MPa plateau seen at 150◦C. The porosity evolution of the creep tests shown in

Figure 5.2(b) are not fundamentally different from the constant strain rate tests and

all show compaction throughout the duration of the test. The strain rate evolution

of all three creep tests is quite different from one another. At room temperature,

the strain rate rapidly reduces from 10−5s−1 at the onset of creep to 1×10−8s−1 at

2.2% axial strain. There was an order of magnitude increase in the strain rate at

2% axial strain, which coincides with a ‘jump’ in axial strain on the stress strain

curve (demonstrated by the stress curve line becoming thinner due to the lack of

data points), and the levelling out of the porosity change. It is not apparent if this

is a machine error or an actual sudden compactive event. The strain rate evolution

at 75◦C also instantly reduces following the onset of creep, albeit a lot less than

at room temperature, and after 4.3% axial strain the sample was still creeping at a

strain rate of 4×10−8s−1. At approximately 2% axial strain, the 75◦C test experi-

enced a transient strain rate increase by about half an order of magnitude. For the

experiment performed at 150◦C, the strain rate quickly reduced to 10−6s−1, where

it remained relatively constant for a further 2% axial strain, before decreasing in a

log-linear manner to 4×10−8s−1 at 5.2% axial strain.

The data presented in Figure 5.3 shows a comparison between and constant strain

rate and stress stepping experiments carried out at room temperature, 75◦C and

150◦C. During stress stepping experiments, the differential stress was increased

by 10 MPa increments whenever the strain rate dropped below approximately 10−8

s−1, until about 4% axial strain was accommodated. The stress steps were per-

formed at a loading rate which is approximately equal to 10−5 s−1, and therefore

are reflected as spikes in the strain rate evolution plotted against axial strain. The

samples deformed at room temperature and 75◦C experienced compaction with in-

creasing axial strain at a similar rate to the samples deformed at constant strain

rate. The sample deformed at 150◦C experienced apparently more compaction than
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Figure 5.2: (a) Differential stress against axial strain for three constant strain rate tests
(dots) and three creep tests (line), at 150 ◦C (red), 75 ◦C (green) and room tem-
perature (blue). (b) Porosity change against axial strain for the experiments
depicted in (a). A negative porosity reduction indicates compaction. (c) Axial
strain rate as a function of axial strain for the creep experiments shown in (a).
The black dashed line indicates a strain rate of 10−5s−1 which is the strain rate
of constant strain rate experiments and the loading phase of the creep experi-
ments. In all figure parts the dotted vertical line indicates the onset of creep.

those deformed at lower temperature, but this difference is likely insignificant due

to inaccuracies in pore volume measurements for this experiment. The cyclic nature

seen in the porosity change curve occurred over roughly a 24 hour period, which is

symbolic of machine drift caused by thermal fluctuations in the room. The strain

rate evolution for the room temperature test, presented in Figure 5.3(c), shows that

when the differential stress value is at 58 MPa the strain rate drops to 10−8s−1 after

about 0.3% axial strain past the onset of creep. Two further stress steps of 10 MPa,

yield very similar strain rate evolutions, where after approximately 0.3% strain the

strain rate has decreased to 10−8s−1. Only after the third stress step to a differential
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stress of 75 MPa does the strain rate stay above 10−8s−1 for a larger amount of axial

strain. At 1.7% axial strain, an unexpected sharp increase then decrease is observed

in the strain rate, before another smaller increase at 2.2% axial strain. Another stress

step was performed at 2.5% axial strain before a log-linear decrease in strain rate

to 3×10−8s−1 at 4.1% axial strain. At 75◦C the strain rate decreased to 10−8s−1

within 1.6% axial strain from the onset of creep at 58 MPa, with a brief increase in

strain rate by half an order of magnitude half way through this decrease. A total of

two stress steps were carried out during this test, at 2.6% and 3.4 % axial strain. At

each of these stress steps the instantaneous strain rate briefly reaches nearly 10−5

s−1 before decreasing to a rate which decreases log-linearly with axial strain. For

the experiment carried out at 150◦C the starting creep stress was 53 MPa, which is

the lowest differential creep stress used in this study. At this stress level, it took a

further 2% axial strain before the strain rate reached the lower limit and a stress step

was required.
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Figure 5.3: (a) Differential stress against axial strain for three constant strain rate tests
(dots) and three creep tests (line), at 150 ◦C (red), 75 ◦C (green) and room tem-
perature (blue). (b) Porosity change against axial strain for the experiments
depicted in (a). A negative porosity reduction indicates compaction. (c) Axial
strain rate as a function of axial strain for the creep experiments shown in (a).
The black dashed line indicates a strain rate of 10−5s−1 which is the strain rate
of constant strain rate experiments and the loading phase of the creep experi-
ments. In all figure parts the dotted vertical line indicates the onset of creep.

5.4 Discussion

5.4.1 Observational trends of mechanical data

The experimental data presented in Figures 5.1, 5.2 and 5.3 show a few key qual-

itative trends. In general, the porosity reduction as a function of axial strain was

similar between samples deformed through compactive creep and those deformed

under constant strain rate conditions. This shows that the volumetirc change of the

sample is linked to the axial strain of the sample and this relationship does not ap-
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pear to be impacted by strain rate. The experiments also demonstrated that when

strain was accommodated under constant stress conditions, the axial strain rate de-

creased as a function of strain at a given differential stress. Occasionaly, the strain

rate increased by a maximum of an order of magnitude for a brief period, with the

periods of increased strain rate being more common during the creep experiments

with lower differenttal stess, such as in Figures 5.2 and 5.3. In the study from Heap

et al. (2015), which also used Bleursville Sandstone, periods of increased strain rate

ere also observed, and these coincided with a surge in AE activity, which post pro-

cessing showed were located in localised sub-horizontal bands. It is therefore log-

ical to conclude that the increased strain rates observed in this study also coincide

with compaction band formation. At all temperatures tested, the level of differential

stress during creep greatly influenced the creep strain rate. More specifically, the

rate of decrease in axial strain rate with increasing strain is larger at lower applied

stress, i.e., the strain rate decays more rapidly at low stress than at high stress. For

example at room temperature, a creep stress of 93 MPa required 4% of axial strain

past the onset of creep to reach a strain rate of 10−8s−1, whereas at a differential

stress of 70 MPa only 1% of axial strain was required. At 150◦C a differential stress

of 78 MPa required 4.5% axial strain to slow to a strain rate of 10−8s−1, compared

to 2% axial strain at a differential stress of 53 MPa.

5.4.2 Comparison between constant strain rate and creep exper-

iments

From a qualitative point of view, the continuous decrease in strain rate during creep

at constant stress is observed at axial strains where linear strain hardening is typi-

cally seen in tests conducted at constant strain rate. Therefore, at a given amount of

axial strain, the creep experiments have experienced a ‘stress deficit’ compared to

a reference test conducted at constant strain rate. Creep experiments on sandstone

in the brittle regime, have demonstrated that the strain rate evolution throughout an

experiment mirrors the difference in differential stress (∆Q) between a creep exper-

iment and a constant strain experiment. This results in the minimum strain rate at
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the transition from primary creep to tertiary creep, coincides with when ∆Q is maxi-

mum (Brantut et al., 2014). Figures 5.1, 5.2 and 5.3 showed that during compactive

creep, the strain rate continues to decrease with increasing strain, which is similar

to a continuous region of primary creep seen in the brittle regime. Using the same

approach employed by Brantut et al. (2014), the difference in differential stress be-

tween the constant strain rate and each creep experiment can be calculated. This

involves converting the axial strain (ε) during each experiment to inelastic strain

(εIE), which is computed by εIE = ε−Q/E, where E is the Young’s modulus and is

equal to the gradient of the stress-strain curve. ∆Q is then calculated by subtracting

the creep differential stress from the evolving constant strain rate differential stress.

Inelastic axial strain is used instead of total axial strain, because at different stress

values the samples would have experienced different amounts of elastic compaction

at the onset of creep compared to the constant strain rate experiments. Although the

conversion to inelastic strain helps remove the difference in elastic loading between

experiments, it does not compensate for the different amounts of non linear loading,

represented by the concave up sections of a stress strain curve, at the beginning of

the an experiment. It is therefore necessary to add or subtract small amounts of in-

elastic strain to the constant strain rate experiment so that the elastic loading phases

of the experiments occur at the same amount of inelastic strain.

The evolution of both ∆Q and the strain rate are shown plotted against inelastic

strain for all the creep experiments performed at room temperature (Figure 5.4) and

at 150◦C (Figure 5.5). At both temperatures, there is the general observation that a

more negative value of ∆Q corresponds to a slower strain rate. This is particularly

evident when looking at the onset of creep for the experiments with the lower values

of applied differential stress, as the rapid increase in ∆Q coincides with the strain

rate rapidly dropping by several orders of magnitude. For example in Figure 5.5

when the creep stress is 53 MPa, ∆Q increased to 25 MPa in 0.5% axial strain, and

this corresponded to a strain rate drop of two orders of magnitude to 10−7s−1. There

are however some slight discrepancies observed in these figures, especially at higher

values of axial strain. As an example, in Figure 5.5, the two experiments performed
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at differential stresses of 66 and 78 MPa, had very similar strain rates from 2% to 4

% inelastic strain, despite the difference in ∆Q and therefore the differential stress,

being almost 15 MPa. The experiment when Q = 66 MPa did experience a slight

strain rate increase of half an order of magnitude prior to the strain rates converging,

so it is possible that a compaction band formed during this period, and this lead to

a weakening of the rock, which caused a higher strain rate.
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Figure 5.4: (a) Differential stress plotted against inelastic axial strain for a constant strain
rate test (dots) and three creep tests (line), performed at room temperature.(b)
The difference in differential stress between the creep tests and the constant
strain rate test as a function of inelastic axial strain.(c) Axial strain rate plotted
as a function of inelastic strain for the creep experiments in (a). The black
dashed line indicates a strain rate of 10−5s−1 which is the strain rate of constant
strain rate experiments and the loading phase of the creep experiments

As mentioned earlier, the axial strain rate is sensitive to the applied stress, so the

fact that two samples are creeping at similar strain rates despite a 15 MPa stress

difference appears slightly abnormal. The sensitivity of creep strain rate to applied
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Figure 5.5: (a) Differential stress plotted against inelastic axial strain for a constant strain
rate test (dots) and three creep tests (line), performed at 150 ◦C.(b) The differ-
ence in differential stress between the creep tests and the constant strain rate
test as a function of inelastic axial strain.(c) Axial strain rate plotted as a func-
tion of inelastic strain for the creep experiments in (a). The black dashed line
indicates a strain rate of 10−5s−1 which is the strain rate of constant strain rate
experiments and the loading phase of the creep experiments

stress, means that natural sample variability can make drawing comparisons be-

tween experiments on different samples slightly more challenging. In an attempt to

overcome the strain rate disparity caused by sample variability, the creep differential

stress can be normalised by the stress value at C∗ for the sample in question. As it

would be expected that samples with a higher value of C∗ would be stronger overall

and therefore experience a lower strain rate at a given differential stress. Table 5.1

shows for all experiments: the differential stress value at the point of creep and at

C∗, the axial strain at each differential value and the normalised differential stress

creep value. For some experiments, it is difficult to pick the stress value at C∗, and
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this was particularly true at the lower values of differential stress where a devia-

tion away from linearity is harder to recognise. The general observations regarding

the C∗ value are similar to those observed in Chapter 4, where the higher temper-

ature reduces the differential stress required for inelastic compaction. It should be

noted however, that due to the difficulty in picking C∗ from a plot of effective mean

stress against porosity change, the values of C∗ cannot be guaranteed to be truly

accurate.

Table 5.1: A table showing: the differential stress during creep, the differential stress at C∗,
the amount of axial strain at each pressure step, and the creep differential stress
normalised by C∗. The ∗ indicates where measuring C∗ was difficult due to the
low stresses involved, and therefore the value may be inaccurate.

Creep Stress(es)
( MPa)

Differential Stress
at C∗

( MPa)

Total Axial Strain at each
Stress (%)

Creep Stress(es)
Normalised by C∗

(MPa)

Room Temperature
CSR 63 N/A CSR
93 60 3.7 1.5

55, 65, 75, 85, 95 54* 0.3, 0.2, 0.2, 1.2, 1.4 1, 1.2, 1.4, 1.6, 1.8
78 59 0.9 1.3

75◦C
CSR 57 N/A CSR
65 47* 3 1.4

58, 68, 78 48* 1.6, 0.6, N/A 1.2, 1.4, 1.6
150◦C

CSR 50 N/A CSR
78 53 3.4 1.5

53, 64 45 2.1 0.9 1.2, 1.4
65 45 4.1 1.5

Figure 5.7 shows the same experiments as in Figure 5.7, normalised by each ex-

periments differential stress value at C∗. While the difference between ∆Q for the

Q = 66 and 78 MPa creep experiments is reduced, and therefore partially explain

the similar strain rates observed, it does raise another issue. For the stress stepping

experiment at 150◦C shown in Figure 5.7, the final stress step brings the ∆Q level

nearly on par with the other two experiments. However, the strain rate remains an

order of magnitude lower than the other two experiments. This is also observed in

Figure 5.6, which shows the normalised values of differential stress and ∆Q for the



172Effect of Elevated Temperature on Sandstone Deformation over Long Time-scales

creep experiments performed at room temperature. The stress steeping experiment

has a final stress step which results in ∆Q being almost zero, and much less than

the other creep experiments. Once more however, the strain rate does not reflect the

low value of ∆Q and remains lower than what would be expected. This suggests

that either the path effects caused by different deformation history plays a signifi-

cant role in the observed strain rate or that an error has occurred in the picking the

value of C∗. Due to the low differential stress value of the first step in the stress

stepping experiments, it can make the picking of this critical value difficult, espe-

cially if combined with slightly noisy data. So while normalising the data by C∗

may help reduce the error due to sample variability, it may induce greater error as a

result of the inaccurate normalised stress value at lower differential stresses.
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of 10−5s−1 which is the strain rate of constant strain rate experiments and the
loading phase of the creep experiments
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Figure 5.7: (a) Differential stress normalised by C∗ of each rock plotted against inelastic
axial strain for a constant strain rate tests (dots) and three creep tests (line), per-
formed at 150 ◦C, (b) The difference in normalised differential stress between
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experiments in (a). The black dashed line indicates a strain rate of 10−5s−1

which is the strain rate of constant strain rate experiments and the loading phase
of the creep experiments
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5.4.3 ‘Activation stress’ of ductile creep

All of the experiments presented in Figures 5.4 and 5.5 showed a lowering of the

strain rate as ∆Q became more negative, regardless of the temperature used. In an

attempt to establish a more quantitative approach to describe the strain rate change

as a function of ∆Q in the brittle regime, Brantut et al. (2014) empirically concluded

that the strain rate at a given ∆Q can be obtained from,

ε̇creep ≈ ε̇0 exp(∆Q/σ
∗), (5.1)

where ε̇creep is the instantaneous strain rate during creep, ε̇0 is the reference strain

rate from the constant strain rate experiment and σ∗ is an activation stress, which

determines the stress dependency on the observed strain rate. Figure 5.8 shows the

strain rate evolution as a function of ∆Q for several experiments performed at room

temperature, 75◦C or 150◦C. It is apparent, that at values of ∆Q lower than ap-

proximately 10 MPa the rate of strain rate decrease is approximately the same at all

three temperatures. At values of ∆Q greater than 10 MPa, there is a divergence in

the curves at different temperatures. At room temperature, two experiments show

that a stress difference of 20 MPa is required to reduce the strain rate to 10−7s−1,

whereas at 150◦C it takes between 20 and 30 MPa. The strain rate evolution of the

experiments performed at 75◦C, was much more similar to experiments performed

at 150◦C compared to the room temperature experiments. Using Equation (5.4.3),

a line has been added to represent the general trend at each temperature. The activa-

tion stress determines the gradient of each line and has a value of 3.6 MPa at room

temperature 5.5 MPa at 75◦C and 6.3 MPa at 150◦C. The added line can only be

an approximation at each temperature, firstly because one line is trying to capture

every experiment and also because majority of the curves shown in Figure 5.8 of-

ten exhibit two different gradients. This was a feature which was also occasionally

observed by Heap et al. (2015), and is a manifestation of the plateau occurring in

the differential stress evolution of the constant strain rate test. As only one line was
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added for each temperature, some experiments are not best represented by the line.

The most striking case of this is where one of the 150◦C experiments actually has

similar gradient to the room temperature line. This experiment represents the creep

experiment which had the highest differential stress, which suggests that the corre-

lation between temperatures and strain rate may be lower at higher stresses.
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Figure 5.8: The axial strain rate plotted as a function of increasing ∆Q, the blue lines rep-
resent room temperature experiments, green line represent 75 ◦C and red lines
represent 150 ◦C.

The curves shown in Figure 5.8 encompassed the strain rate evolution over the en-

tirety of each experiment. While it is useful to see how this evolves with increas-

ing axial strain and therefore a more negative ∆Q, the strain rate data can become

slightly messy due to a combination of transient strain rate increases and stress

steps. To circumvent this issue, and acquire a value of the activation stress at each

temperature, the value of ∆Q and the strain rate for each experiment was measured

at 1% inelastic strain. At this amount of strain, no experiment had experienced a
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compaction band formation event and the associated strain rate increase, and only

one of experiments had undergone a stress step. Figure 5.9 depicts the strain rate at

1% axial strain for all tests as a function of the applied creep stress. In addition, for

each temperature a line has been added which fits Equation (5.4.3) with an activa-

tion stress of 3.3 MPa used at room temperature, 4.9 MPa at 75◦C and 6.5 MPa at

150◦C. Each of these lines is anchored at the condition that at zero ∆Q, the strain

rate is 10−5s−1. While in general, the added lines provide a reasonable fit to the

data, the data point from the creep experiment performed at room temperature and

a high differential stress of 93 MPa exhibited a strain rate half an order of magni-

tude higher than expected if an activation stress of 3.3 MPa is used. This slightly

‘anomalous’ data point does however fit on the line produced when the temperature

is 150◦C and an activation stress of 6.5 MPa is used. With ∆Q representing the

difference between a creep test and a temperature specific constant strain rate test,

it can effectively be seen as normalising parameter between different temperatures.

The difference in the activation stress at different temperatures is therefore symbolic

that at higher temperatures the strain rate is less sensitive to an increase in ∆Q. Con-

versely, Figure 5.9 also demonstrates that at low values of ∆Q, the strain rate has a

much smaller dependence on the temperature, which was also seen in Figure 5.8,

and how if taking into account sample variability, the aforementioned ‘anomalous’

data point at room temperature appears to fit on the 150◦C line.

The value of ∆Q however, still remains a laboratory construct, and is not meaningful

in a wider geological context. Taking this into consideration, Figure 5.10 shows

the same empirical relationship and activation stresses as determined in Figure 5.9,

however plotted in terms of applied differential stress. The added stress values at a

strain rate of 10−5s−1 were taken from the constant strain rate experiments, again

at 1% inelastic strain. As Figure 5.10 captures the temperature dependence on the

strain rate at different levels of applied differential stress, it can be examined to

determine how the temperature dependence increases with decreasing strain rate.

From the constant strain rate tests, the differential stress required for a strain rate of

10−5s−1 at room temperature is 100 MPa and at 150◦C is 80 MPa which represents
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Figure 5.9: The markers indicate both the axial strain rate and ∆Q at 1% inelastic strain.
The lines represent an empirical model and are calculated using Equation
(5.4.3) the blue line represents room temperature experiments, the green line
represent 75 ◦C and the red line represents 150 ◦C.

a difference of 20 MPa, whereas at a strain rate of 10−7s−1, the differential stress

required is 85 MPa at room temperature and 53 MPa at 150◦C, which equates a

difference of 32 MPa. The limited number of data points at 75◦C suggests that

at even at this moderate temperature increase, the strain rate also decreases less at

lower differential stresses.

The multitude of creep stresses used in this study have demonstrated that sandstone

deformation in the ductile regime exhibits a time dependency in the temperature

range of 20 to 150◦C. The results show that the effect of elevated temperature on

time-dependent deformation in the ductile regime appears to be twofold. Firstly, at

a given differential stress the observed strain rate is higher at 150◦C than at room

temperature and secondly, the stress sensitivity of the decreasing strain rate with
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Figure 5.10: The markers show the axial strain rate and differential stress at 1% inelastic
strain. The lines represent an empirical model, and are calculated using Equa-
tion (5.4.3) the blue lines represents room temperature experiments, green line
represent 75 ◦C and red lines represent 150 ◦C.

increasing axial strain is reduced. As described in Chapter 2, subcritical cracking

can occur at crack growth rates several orders of magnitude lower than conventional

cracking occurring as a result of a critical stress being reached and as the strain rate

during the inelastic deformation of a rock is essentially the macroscopic manifes-

tation of the microcrack growth velocities. It therefore follows that at lower strain

rates, where on average the microcrack growth rate is slower, the contribution of

subcritical cracking is larger.

As described by Wiederhorn and Bolz (1970), the rate of crack growth (ν) during

subcritical cracking facilitated by stress corrosion, has the form

ν = ν0 exp
[
−∆H +2V ∗KI/(πρ)1/2/RT

]
, (5.2)
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where ν0 is a pre-exponential factor, ∆H is an activation enthalpy, R is the gas con-

stant, T is the absolute temperature, V ∗ is an activation volume and ρ the radius

of the crack tip. It can be seen from this Equation that if the temperature is in-

creased while every other variable stays constant, the crack growth velocity will

increase. Additionally, as KI decreases as a crack grows (or ρ increases), the rate of

decrease in crack growth rate will be lower at higher temperatures. The other mod-

els proposed in Chapter 2 to describe the crack growth rate were Charles’ empirical

power law (Equation (2.31))and Lawn’s model based on atomic processes (Equa-

tion (2.34)). In Charles’ power law, a change in temperature only offsets the crack

growth rate and fails to capture the reduction in KI sensitivity (and therefore stress

sensitivity) to the changing strain rate. Lawn’s model on the other hand does capture

both the stress offset due to increased temperature and the stress sensitivity.

This study, combined with both previous experimental studies (Heap et al., 2009a;

Atkinson, 1980) and theoretical studies (Atkinson, 1984) have provided evidence to

show that many of the phenomenon observed as a result of increased temperature on

ductile creep in sandstone can be explained by an increase in subcritical cracking.

However, subcritical cracking may not be the only process which can cause time-

dependent deformation in rocks. The concept of intergranular pressure solution was

introduced in Chapter 4, and it is thought that at depths greater than 5 Kilometres

in the crust, pressure solution may well be the dominant driving force of time-

dependent deformation (Rutter, 1976b; Niemeijer et al., 2002; Spiers et al., 2003).

The formulations provided in Chapter 4 suggested that at 150◦C the strain rate of a

quartz based rock deforming purely by dissolution limited pressure solution would

be on the order of 10−9s−1 at 150◦C.

Figures 5.11 and 5.12 show deformation mechanism maps based on dissolution

limited pressure solution of quartz and the empirical subcritical cracking rates de-

termined in this study. The pressures solution rate was calculated using the same

method as in Chapter 4, which was given by,

ε̇ = 6Ω×10(1.174−0.002028T−4158/T )
[

exp
(

BPΩ

RT

)
−1
]

f
d
, (5.3)
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where ε̇ is the volumetric strain rate, Ω is the molar volume of quartz, T is the

temperature, d is the grain size, Φ0 is the initial porosity, f a nondimensional grain

packing factor, B a stress amplification factor and P the pressure.

The strain rate of stress corrosion cracking uses the same Equation as the one fitted

to Figure 5.9, and if all stress are in MPa, can be given by

ε̇ = 1×10−5 exp(
Q−99

3.3
), (5.4)

at room temperature and

ε̇ = 1×10−5 exp(
Q−80

6.5
), (5.5)

at 150◦C. The contribution of strain rate due to subcritical cracking and pressure so-

lution are then added together to produce the deformation mechanism maps.

It can be seen from the deformation mechanism maps that at both temperatures there

is an area dominated by subcritical cracking and an area dominated by pressure so-

lution. The rate of pressure solution is dominated by grain size as it controls the

stress at the grains contacts, whereas subcritical cracking is grain size insensitive.

At crustal strain rates of 10−11s−1 to 10−14s−1 it would appear that the dominant de-

formation mechanism would be pressure solution at 150◦C. These figures however,

only represent a snap shot in time, strain and pressure, so can easily be modified by

a change in physical conditions such as temperature or effective pressure.
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Figure 5.11: A deformation mechanism map at 25 ◦C for sandstone at an effective pressure
of 100 MPa ,considering sub critical cracking and dissolution limited pressure
solution. The calculated strain rates are assumed to be a sum of the strain rate
due to presure solution and the strain rate due to subcritical cracking.
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Figure 5.12: A deformation mechanism map at 150 ◦C for sandstone at an effective pressure
of 100 MPa, considering sub critical cracking and dissolution limited pressure
solution. The calculated strain rates are assumed to be a sum of the strain rate
due to presure solution and the strain rate due to subcritical cracking.
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5.5 Conclusion

In this chapter, results were presented from a series of compactive creep experi-

ments performed at either room temperature, 75◦C or 150◦C. Different values of

differential stress were used in each experiment to establish what impact the ele-

vated temperature had on both the strain rate, and the strain rate evolution through

stress space. Regardless of the temperature used, all experiments experienced a de-

crease in the axial strain rate with increasing axial strain. Some experiments under-

went an occasional increase in strain rate, which based on previous studies has been

attributed to compaction band formation. At certain values of differential stress,

the experiments performed at 75◦C and 150◦C continued to creep at detectable lev-

els, whereas at room temperature the strain rate dropped below the lower limit of

10−8s−1. An attempt was made to see if normalising the creep differential stress by

the C∗ value would improve the results by reducing the error caused by sample vari-

ability, however it was found the error in picking C∗ was greater than that created

by sample variability. Nevertheless, not only was creep detectable at lower stresses

when at elevated temperature, but also the rate at which the strain rate decreased

with decreasing differential stress was lowered. This can be seen by an increase in

the empirically derived ‘activation stress’ from 3.3 MPa at room temperature to 4.9

MPa at 75◦C and 6.5 MPa at 150◦C. The increased strain rate at higher tempera-

tures has been attributed to an increase in subcritical crack growth velocities, which

is in line with other experimental work.



Chapter 6

Conclusions and Perspectives

This study has investigated through triaxial deformation experiments, the effect that

elevated temperatures of up to 150◦C has on sandstone deformation. Experiments

were performed at effective pressure conditions which spanned both the brittle and

ductile regimes of sandstone deformation. However, there was a particular focus on

the ductile regime and the reasoning for this is twofold. Firstly, due to the pressures

required to facilitate ductile deformation in the crust, the temperatures are likely

to be higher than those during brittle deformation and secondly, there is current

sparsity of experimental data of ductile sandstone deformation at elevated tempera-

ture.

Chapter 4 presented results from a series of constant stain rate triaxial deformation

experiments performed on Bleursville, Locharbriggs and Boise sandstones at either

room temperature or at 150◦C. In all experiments, the samples were saturated with

water and deformation was carried out using a constant strain rate of 10−5s−1. At

the effective pressures used, both the brittle and ductile regimes of Bleursville and

Locharbriggs sandstone were explored, whereas for Boise sandstone it was only

possible to probe the brittle-ductile transition and the ductile regime; as even at

the lowest effective pressure used (5 MPa), Boise sandstone exhibited some ductile

behaviour.

In the purely brittle regime, Bleursville and Locharbriggs sandstone experienced a
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reduction in the differential stress at C′ of 8 to 18% when deformed at 150◦C. There

was also a reduction in the peak stress observed. Both the yield stress and peak

stress reduction showed no correlation with rock type or effective pressure. In the

ductile regime, all three sandstones saw a reduction in the yield stress at C∗, which

denotes the onset of compaction when deformed at 150◦C. The size of the differen-

tial stress reduction at C∗, seemed to be dependent on rock type. Locharbriggs sand-

stone was the least weakened sandstone with a reduction in the differential stress at

C∗ of 9 to 22.5%, Boise and Bleursville sandstone on the other hand experienced a

reduction in differential stress of 22.5 to 29% and 15 to 37% respectively. The duc-

tile regimes of Locharbriggs and in particular Bleursville sandstone both weakened

more than the respective brittle regimes. This is further highlighted by the fact that

compactive behaviour is seen at lower effective pressures when at 150◦C than when

at room temperature. Due to the confining pressure limitations of the triaxial appa-

ratus used in this study it was only possible to reach the hydrostatic grain crushing

(P∗) of Boise sandstone, where a 10% reduction in the effective mean stress was ob-

served. For Bleursville and Locharbriggs sandstone, the P∗ values were estimated

from extrapolation of the compactive yield envelope and a reduction of 9 and 11%

were estimated respectively

Two mechanisms have been proposed to explain the weakening observed in the

constant strain rate tests at 150◦C. The first, is a reduction in surface energy, which

leads to a lowering of the fracture toughness and the critical value of the stress inten-

sity factor. Using the sliding wing crack model, the onset of dilatancy in the brittle

regime was shown to scale linearly with a reduction in the KIC. In comparison,

Zhang’s (1990) model of critical grain crushing pressure showed that P∗ and there-

fore C∗ scale with K3
I . Therefore, any reduction in surface energy due to elevated

temperature would weaken the ductile regime more. The second weakening method

proposed, was that at 150◦C the rate of subcritical cracking as a result of stress cor-

rosion was increased. By normalising the C∗ values of Boise sandstone by P∗, it was

shown that the constant strain rate experiments in the ductile regime experienced a

greater amount of weakening than the hydrostatic deformation experiments. This
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additional weakening is attributed to the different experimental methods used en-

abling a greater contribution of subcritical cracking during the constant strain rate

tests when performed at 150◦C than at room temperature. Mathematically, it was

demonstrated that a reduction in fracture toughness was the prime cause of the ob-

served weakening, and this argument was furthered by there being no difference in

the strength of Bleursville sandstone at a strain rate of 10−5s−1 and 10−4s−1.

To explore the effect that elevated temperature has on time-dependent ductile de-

formation in sandstone, a suite of ductile creep experiments were performed on

Bleursville sandstone at room temperature, 75◦C and 150◦C. In agreement with

previous studies, (Heap et al., 2015), it was shown that the creep strain rate was

highly dependent on the applied level of differential stress. Increasing the temper-

ature to both 75◦C or 150◦C had two effects on the stress strain rate relationship.

Firstly, at a given level of differential stress, the creep strain rate was higher the

greater the temperature. Secondly, the stress sensitivity on the strain rate’s stress

dependence was reduced at higher temperature. This means that as the creep stress

level was reduced, the amount the strain rate decreased was lowered at higher tem-

perature. It was shown that the empirically derived activation stress was 6.5 MPa

at 150◦C, 4.9 MPa at 75◦C and 3.3 MPa at room temperature. This second obser-

vation and the different activation stresses are perhaps the more important obser-

vations in terms of a wider geological consideration because extrapolation of this

data shows that at lower strain rates, such as those found within the crust, the effect

of temperature on strain rate becomes larger. These observations fit theoretical and

empirically derived models of crack growth rates as a result of stress corrosion in

quartz and other materials. It is therefore assumed that there is a greater contri-

bution of subcritical cracking due to stress corrosion at higher temperatures, and

macroscopically this is expressed as increased strain rates at a given stress.

This study has demonstrated that a temperature increase to 150◦C has non-

negligible effects on compactive sandstone deformation, and suggests that current

laboratory data may overestimate the crustal stresses required to cause compactive

behaviour, which is also an observation often made by field geologists. While the
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work done in this project does show trends between stress, strain, strain rate and

temperature, it by no means completes the puzzle of sandstone compaction and its

intricate relationship with temperature. It is hoped that through further experimental

work the following questions may be answered:

• At a strain rate of 10−5s−1, are the stress values at C∗ reduced more than at

P∗ for all sandstones?

In this study, it was only possible to empirically establish the P∗ value for

Boise sandstone and therefore, the conclusion that the normalised values of

C∗ exhibited a greater weakening than the P∗ value was based on just one

rock. It is therefore paramount that the full yield envelopes including P∗, are

obtained for a greater number of sandstones. If the hypothesis of this thesis

is correct, then it would be expected that the sandstones more susceptible to

stress corrosion would see a greater difference between the C∗ reduction and

the P∗ reduction.

• How does mineralogy effect the amount of weakening observed at elevated

temperature?

While all of the sandstones used in this study experienced a weakening in

both the brittle and ductile regime, the relative amount of weakening ob-

served in Locharbriggs sandstone was less than observed in Bleursville and

Boise sandstone. Compositionally speaking, Locharbriggs sandstone had the

highest percentage of quartz and the lowest percentage of feldspar and clay.

From just three rock types however, it is difficult to conclude if any specific

mineral or minerals are responsible for the weakening observed at elevated

temperature, or if another rock property (e.g. grain size, grain shape, porosity

or cement) has a greater influence on the weakening observed. In addition

to more experiments on sandstones of different compositions, extensive mi-

costructural analysis of deformed samples may shed light on which mineral

or minerals are preferentially weakened due to the temperature increase.

Furthermore, creep experiments were performed on only one rock type and
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while increased rates of stress corrosion are likely to be observed in all sand-

stones at elevated temperature, the effect that rock composition has on the

magnitude of this increase is unclear.

• Can the weakening mechanism(s) observed at higher temperatures be quanti-

fied?

The results of this study showed that on time-scales of the order of hours to

weeks, elevated temperatures are seen to weaken the stresses at which sand-

stones undergo ductile deform. These results can be extrapolated to crustal

strain rates, which suggests that over longer time scales the impact of ele-

vated temperature becomes greater. While a base weakening effect has been

attributed to a reduction in fracture toughness, the additional weakening ob-

served at lower strain rates is primarily attributed to an increase in subcrit-

ical cracking as a result of increased rates of stress corrosion. However, it

is currently unknown how much each mechanism contributes to the observed

weakening at a given stress or a given strain rate. For example, it is not clear if

the perceived reduction in fracture toughness exhibits a strain rate dependence

or if it remains constant. A couple of different methods could potentially be

used to solve this query. Firstly, a wider strain rate range could be used for the

constant strain rate tests to determine at what strain rate the increased rates of

stress corrosion become meaningful. A second experimental method which

could potentially help answer this question, is to perform similar experiments

to those performed in this study but with a chemically inert fluid instead of

water. An ideal liquid for this would be decane, which because of its chem-

ical inertness would in theory reduce the effect of increased stress corrosion

rates at elevated temperature, but with having similar wettability and physical

properties as as water, it is expected to reduce fracture toughness a similar

amount. A brief pilot study for this can seen in Appendix D

• How does fluid chemistry effect the amount of weakening observed at ele-

vated temperature?
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While all experiments in this study were performed using samples saturated

with distilled water, it is known that crustal fluid is much more exotic in nature

and can have a range of chemical compositions, viscosities and pH. As a large

part of the weakening observed at elevated temperature has been attributed to

the chemical influence of water, it would be logical to test fluids of chemical

compositions more akin to those found in nature.

This project has clearly established that in the presence of water, temperatures of

up to 150◦C can significantly reduce the stresses required for sandstone deforma-

tion over both short and long time-scales. While some uncertainties remain and

many questions remain unanswered it is unequivocally true that hotter is weaker

and hydration is key.



Appendix A

Triaxial Press- Supplementary

Materiel

A.1 Technical drawing of piston and pressure ves-

sel
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Figure A.1: The technical drawing of the piston assemblage inserted into the pressure ves-
sel. With the hemispeherical seats and LVDT holder in place. Image courtesy
of N Hughes.
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A.2 Calibration graphs
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linear equation produced is what is entered into the LabVIEW software.
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tion produced is what is entered into the LabVIEW software.
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A.3 Calculations for safety cage

A.3.1 Estimation of System Energy

A pressurised vessel stores large amounts of potential energy, with the total amount

dependant on the volume of the fluid and the pressure it is at. If a pressure vessel

fails, this stored energy is split between the kinetic energy of the fragments pro-

duced, and the shock wave energy. The system energy can be split into two com-

ponents, the fluid expansion energy (U f ) and the elastic strain energy of the vessel

(Ue). The total system energy is therefore given by:

Us =U f +Ue, . (A.1)

By assuming that the compressed fluid (oil) expands reversibly and adiabatically

to atmospheric pressures following pressure vessel failure, the energy stored in the

oil can be calculated by the energy required to compress it to the pressure pre-

failure.

If the pressure vessel is imagined to be a cylinder filled with oil, which is plugged

at one end, and attached to a piston (with area A) at the other. Then the force (F)

required to pressurise the vessel to pressure p is given by:

F = pA, (A.2)

The work done (E) to compress the oil is given by: E =
∫

FδL, where δL is the

change in piston height. Combining with equation A.2 the energy stored is:

E = A
∫ L(p)

L0

pδL, (A.3)

As the mass (M) of oil in the pressure vessel is constant, the density ρ and volume

(V) are linked by ρ(p)V (p) = ρ0V0. This results in the density of the oil being given

by:
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ρ(p) = ρ0(1+ γ p), (A.4)

where γ is the compressibility of oil and is equal to γ =
1
ρ

δρ

δ p
. The density of the oil

can be rewritten as ρ = M
AL Substituting this into equation A.4, the pressure within

the vessel can be related to the piston position by:

p = γ
−1
(

L0

h
−1
)
. (A.5)

Substituting equation A.5 into equation A.3, the energy system is given by:

E(p) =
A
γ

∫ L0
1+γ p

L0

(
L0

L
−1
)

δL. (A.6)

If this integral is evaluated then:

E(p) =
V0

γ

[
γ p

1+ γ p
− ln(1+ γ p)

]
. (A.7)

As can be seen this equation, is quite complicated and computing the Taylor ex-

pansion while neglecting third and higher order terms creates a much simplified

equation and a maximum error of 5%. This gives the total energy stored by the

compressed fluid as:

U f (p) =
γ

2
V0P2, (A.8)

where V0 is the volume of oil in the pressure vessel, γ the compressibility of the oil,

and P the pressure. Using the values given in section 3.1.2 the pressure vessel is

capable of being holding a maximum of 1350 cc of silicone oil. Using equation A.8

the total potential energy stored in the oil at 200 MPa is 28000 J, if a bulk modulus

of 1.03×109 Pa is used for the oil.
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A.3.2 Estimation of Elastic strain Energy

As the pressure vessel is pressurised with oil, the steel will start to deform elasti-

cally. In the case of vessel failure, the elastic strain energy equates to an additional

source of potential energy. The (HPTA, 1974) states that this strain energy can be

given by:

Ue(p) =
P2V
2E

[
3(1−2]ν)+2K2(1+ν)

K2−1

]
, (A.9)

where P is the pressure, V the volume of the system, E the Young’s Modulus of the

vessel material (200 GPa), ν the Poisson’s ratio of the vessel material (0.3) and K

the diameter ratio of the vessel.

This returns a value of 5000 J of stored elastic strain energy. So in total the pressure

vessel pressurised to 200 MPa will have potential energy of 3.3 kJ.

A.3.3 Vessel failure

As previously mentioned, the potential energy stored in the pressurised vessel is

split between the kinetic energy of the fragments of the vessel and a shockwave.

The (HPTA, 1974) states that the energy split depends on how the vessel fails.

• Catastrophic failure of the vessel:

1. Complete shattering of the vessel due to brittle failure,

Fragment kinetic energy = 0.2Us

Shock wave energy = 0.8Us

2. Ejection of major vessel section, e.g. large end cap,

Fragment kinetic energy = 0.6Us

Shock wave energy = 0.4Us

• Less catastrophic failures, e.g. ejection of a small plug,
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Fragment kinetic energy- assume the full pressure of the system acts on the

part until it has cleared it’s housing orifice,

Shock wave- can be neglected if the pressurising fluid is a liquid.

For the design of this safety cage, only catastrophic failures or the ejecting of major

sections were calculated; as there are no small parts which can be ejected while at

pressure. The only small item is the high pressure nut at the bottom of the pressure

vessel, and this is surrounded by the insulation block so there is no chance of an

ejection occurring.

A.3.4 Calculations for vessel design

When calculating the damage that could be caused by a fragment of an exploding

pressure vessel, there are two end members to consider. The first of these is a large

fragment or piece of the vessel. The second is a small bit of metal more akin to

shrapnel from an exploding bomb. Both situations require a knowledge of what the

geometry and the mass of the impactor are, as well as the impact velocity.

A.3.4.1 Impact from a large impactor

By studying past pressure vessel failures, (Recht, 1971) was able to provide an

estimate on the most likely fragment mass (M f ) based on the vessel geometry.

M f = 3ρr3L(K−1)3, (A.10)

where ρ is the material density, r the inner radius, L the vessel length and K the

ratio . The most likely mass of a large fragment from a catastrophic vessel failure is

therefore 3.74kg. The velocity of this can then be calculated from:

v =
(

2Us
M f

)0/5

, (A.11)

which results in a speed of 60 m/s. To calculate what thickness of mild steel is
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required to stop a projectile of 3.74 kg travelling at 60 m/s the (HPTA, 1974) rec-

ommends the use of the following equation:

t =
5×10−3M f

A
log(1+5×10−5v2), (A.12)

where A is the surface area of the fragment and is estimated by dividing the surface

area of the vessel prior to failure, by the number of fragments of mass Mf that

could be produced. The thickness of mild steel required to stop large impactors is

therefore 2.5 mm.

A.3.4.2 Impact from a small impactor

It might seem logical to think that there is no limit to how small a fragment can

be, and therefore how fast it could travel. However sensible suggestions must be

made when designing a safety barrier. The velocity of the fragment is limited by

momentum principles and is limited to the speed of sound (349 m/s) (Munday,

1971). The most likely mass of a small fragment of steel is thought to be 0.0045kg

(Anderson, 1954). Unlike with a large impactor the shape or surface area is not a

large factor, as the small amount of steel will deform on impact. The (HPTA, 1974)

recommends the use of the following equation:

t = 6×10−5m0.33v. (A.13)

The thickness of mild steel required to stop a small 0.0045 kg fragment of steel is

therefore 7.4 mm

A.3.4.3 Containment of a shockwave

The (HPTA, 1974) recommends that when calculating the shockwave produced by

an exploding pressure vessel, the equivalent mass of TNT is calculated. 1 kg of TNT

produces 4.5×106J of energy when detonated. Which means this pressure vessel

at 200 MPa is the equivalent of 0.008 kg of TNT. The safety cage must therefore
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be able to withstand the pressure wave generated by the explosion of 8 g of TNT.

(Weibull, 1968) states that the pressure generated (in bar) is given by:

p = 22.5
(

Q
V

)0.72

, (A.14)

where Q is the mass of TNT in kg and V the volume of the cage in m3. The safety

cage was designed to be 1250 mm high and 1100 mm in width and depth, to produce

a total volume 1.51m3. The pressure produced at the safety cage is therefore 50

KPa. Which would easily be tolerated by the thickness of steel required to prevent

fragment damage.
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Deformation Structures and Thin

Section Images

The samples of Locharbriggs sandstone photographed in Figure B.1 indicate a simi-

lar transition to that seen in the Bleursville samples. At the lowest effective pressure,

the samples show at both temperatures one main fault at approximately 40o from

the applied load, with many smaller faults orientated at various angles from this

main fault. It is not clear if these secondary cracks occurred during deformation or

if they are a result of the unloading process. As the effective pressure is increased,

the large sample-scale faults and high angled cracks are no longer observed. At the

highest effective pressures, when Peff = 80 and 100 MPa, the first noticeable feature

are the black bands running horizontal to subhorizontal through the samples. While

these bands represent missing material, either as result of the unloading process or

the thin section making process, there general horizontal orientation suggests that

the structures which were present here were also horizontal. Obviously, not many

conclusions can be drawn from these bands of missing material, however, they do a

have similar orientation to two pale white bands which also run horizontally across

the samples. The optical micrograph of the sample deformed at Peff = 100 MPa

is located in one of the white bands and it shows that surrounding the black bands

there are pockets of crushed grains, with the number of crushed grains decreasing

with distance away from the black band. It is therefore likely that the bands of pale
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material are compaction bands, and the reason material has been lost from these

bands is that the represent areas of low cohesion. At the intermediate effective pres-

sures of 25 and 55 MPa, there appears to be a combination of angled and horizontal

cracks in the samples, which suggests a transition between the two previously dis-

cussed deformation styles. The sample deformed at Peff = 55 MPa appears more

damaged than the sample deformed at Peff = 25 MPa and this is most likely a con-

sequence of the total amount of axial strain each sample underwent. The sample

deformed at Peff = 55 MPa experienced 5% axial strain, while the sample deformed

at Peff = 25 MPa only experienced 1.5% axial strain. The micrograph of the sam-

ple deformed at an effective pressure of 25 MPa shows a band of heavily fractured

grains at about 30o from horizontal, outside of this band however, the grains look

relatively intact.

As Boise sandstone was the only sandstone that it was possible to reach P∗, it is

paramount to ensure that the processes that are believed to be occurring are indeed

occurring. To do this a thin section of the Boise sandstone sample hydrostatically

deformed past the hydrostatic grain crushing pressure when at room temperature

was made. Figure B.2 shows that cracks have been introduced into many of the

grains, which highlights the fact that inelastic deformation has occurred.
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Figure B.1: Samples of Locahrbriggs sandstone deformed at a range of effective pressures
at either room temperature (blue) or 150 ◦C (red). The samples deformed when
Peff = 5 and 25 MPa were deformed until a sudden stress drop at about 1.5%
axial strain. Whereas the samples deformed at Peff = 55, 80 and 100 MPa
experienced 5% axial strain before the experiment was ended.
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Figure B.2: A micrograph of sample deformed under hydrostatic pressure conditions at
room temperature. The effective pressure was increased to 5 MPa past the
inferred P∗ value
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A Brief Study into Locharbriggs

Sandstone

As described in Chapter 4, some of the experiments on Locharbriggs sandstone per-

formed at higher effective pressures (> 55 MPa) experienced a stress drop once

the catalastic flow stress was reached. To determine if these stress drops are as-

sociated with the formation of any particular structure, a few constant strain rate

experiments were carried out at an effective pressure of 100 MPa using the larger

400 MPa triaxial apparatus described in section 3.5.1. Although this apparatus can

not use elevated temperature, it does have the ability to record acoustic emissions

(AEs) and measure elastic wave velocities. Figure C.1 shows the stress strain curve

for one of these experiments, as well as the evolution of P-wave velocity along eight

different horizontal (perpendicular to σ1) wave paths, with the colours used in Fig-

ure C.1 the same as shown in Figure C.2. The stress strain curve shows that there

is a small stress drop of 3 MPa at 1.2 % axial strain and a larger stress drop of 7

MPa at 1.5 %, then a period of constant strain hardening until the experiment was

ended at 4.5% axial strain. Prior to the first stress drop, all of the different wave

paths have observed a reduction in velocity of approximately 1%. The first stress

drop then corresponds to a sharp velocity drop of a further 4% for one of the paths

(orange), the other paths appear relatively unchanged by this stress drop and con-

tinue reducing at a similar rate as before. The second stress drop again causes an
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exaggerated velocity drop in only a select amount of wave paths, with the four blue

curves observing a velocity reduction of 4%, compared to the 1% observed in the

other four wave paths. As the experiment progresses, the four blue curves continue

to experience a velocity reduction, with the total reduction being between 12 and

18%. The orange wave path did not experience a great deal of a velocity reduction

beyond the initial stress drop and had a total velocity reduction of 7% at 4.5% axial

strain. The three wave paths which did not experience a large velocity drop, ended

up with a total reduction of between 3 and 6%.

Figure C.1: The stress stain curve (blaclk) for a sample of Locharbriggs sandstone de-
formed at a constant strain rate of 10−5s−1 while at room temperature and at
an effective pressure of 100 MPa. The coloured curves represent different hor-
izontal wave paths through the sample, and the map of the wave paths can be
seen in Figure C.2. The sections labelled b to g, correspond to the time period
of the experiment that the AE locations are presented in C.2

Figure C.2 shows: the AE locations for specific periods of the experiment, the AE

locations for the entirety of the experiment and finally the starting sample and the

sample post deformation. The sample at the end of the test showed two bands of

lighter and less cohesive material, as well as a few bands of material which looked

more akin to the starting material. First observations are that the lighter bands
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represent areas of damaged material which have undergone grain crushing and a

porosity reduction. This damage is confirmed when examining part h of Figure

C.2, which shows the AE locations for the duration of the experiment. It is seen

that the highest density of AEs were produced in areas which correspond to the

bands of damaged material, and the areas of undamaged material have relatively

low densities of AEs. Parts b to g of C.2 go a long way in helping to explain why

certain waves paths shown in Figure C.1 experienced velocity reductions when they

did. Time period b represented in Figure C.1 corresponds to the time period prior

to any of the stress drops, and it can be seen that majority of the AE locations are

occurring at either the top or bottom of the sample. As neither the red nor the

darkest blue wave path velocities are been slowed to a greater degree than the other

wave paths, it can be presumed that the majority of AEs in this section are a result

of interactions between the rock and the metal end plates, and do not constitute to

actual damage within the sample. Section c in Figure C.1 covers the time period of

first stress drop, and during this time period, the vast majority of AEs are located

in a thin band located in the lower half of the sample. The orange wave path runs

directly through the AE cluster and hence the velocity reduction in Figure C.1 is

observed. The AE locations in section d of Figure C.2 are predominately located in

two clusters; one in the middle of the sample and a smaller one near the top of the

sample. This period of the experiment corresponds to the second stress drop and this

explains why the blue wave paths experienced the greatest wave speed reduction in

this section. The AE locations in sections e, f and g are similar to section d, and

show how the two bands merge to form the large band observed in the sample at the

end of the experiment. As damage continued to occur in this region it explains why

the blue wave paths saw the greatest total reduction in wave velocities at the end

of the experiment. An observation from the sample post deformation and from the

AE locations is that the bands of damage appear to nucleate around the pre-existing

bedding within the sample. This suggests that the macroscopic black bands, which

are shown in Figure 3.10 to have a smaller grain size than the rest of the material,

may be a zone of weakness.
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Figure C.2: (a) The undeformed sample of Locharbriggs sandstone which has a length of
100 mm long and a diameter of 40 mm, (b - g) show the AE locations for
various time periods of the experiment within the sample, the axis of these
sub Figure are in millimeters. (h) The AE locations for the duration of the
experiment (i) the sample post deformation at 4.5% axial strain.
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Decane as the Pore Fluid

The data presented in this section was all performed on the 400 MPa triaxial appa-

ratus and shows four experiments performed on Bleursville sandstone at room tem-

perature and an effective pressure of 40 MPa. Two of the experiments were constant

strain rate experiments and two of the experiments were creep experiments. Once

of each of the constant strain rate and creep tests had decane as the pore fluid in-

stead of water. The constant strain rate experiments were performed at a strain rate

of 10−5s−1 and it can be seen in Figure D.1 that the peak stress was 107 MPa for

the water saturated sample and 103 MPa for the Decane saturated sample. At an

effective pressure of 40 MPa, Bleursville sandstone is at the higher end transitional

regime to ductile deformation. Despite the large period of strain weakening, these

samples did not fail through a clean fracture, instead there was a zone of highly

damaged material and this was probably representative of a shear enhanced com-

paction banding. Both of the creep experiments were performed at a differential

stress of 93 MPa.

The strain rate change as function of inelastic axial strain for both creep experi-

ments are plotted in figure D.2, as it the ∆Q evolution. Due to the water saturated

constant strain rate test having a higher peak stress than the decane saturated test,

the ∆Q is more negative for the water saturated creep test. It cannot be determined

from just one test on each pore fluid if the weakening seen with decane during the

constant strain rate test is due to the decane or if it is simply sample variability. The
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Figure D.1: The stress stain curves for samples of Bleursville sandstone deformed at 40
MPa effective pressure. Two creep experiments are shown as are two constant
strain rate experiments. The purple curves represent water saturated samples,
and orange curves are decane saturated

strain rates curves for the creep experiments both have the mirrored shape of the ∆Q

evolution with increasing strain an observation which has been seen before in brittle

creep (Brantut et al., 2014). The lowest strain rate observed for both creep experi-

ments coincides with the most negative value of ∆Qand therefore maximum stress

in the constant strain rate tests. It can be seen that the lowest strain rate reached was

3×10−7s−1 for the water saturated sample and 7×10−8s−1 for the decane saturated

sample.

Using the same method as in Chapter 5, an activation stress can be calculated for

both the decane saturated sample (1.6 MPa) and the water saturated sample (3.2

MPa). The activation stress for the decane saturated sample was half of that for

the water saturated sample, which suggests the stress sensitivity on the strain rate

is greater in the decane saturated sample. This is a similar result to that observed

in Chapter 5 with the elevated temperature. The main difference being that there

is no initial stress offset between the two creep experiments. So while a creep

experiment at elevated temperature causes both a stress offset and a decrease in

stress sensitivity compared to a room temperature creep test, the decane test appears
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Figure D.2: (Top) The evolution of ∆Q as a function of inelastic axial strain from the onset
of creep. (Bottom) The strain rate as a function of axial strain rate from the
onset of creep, the purple curves represent water saturated samples, and orange
curves are decane saturated

to only cause a change in the stress sensitivity of the strain rate. The change in

stress sensitivity on strain rate in decane can be explained by a reduction in the

amount of subcritical cracking due to stress corrosion in the presence of a much

less reactive agent. Although this brief pilot study is not sufficient in enabling the

exact contribution of subcritical cracking to be calculated, it does show that the

rate of stress corrosion can be reduced using correct environment. To complete this

study, many creep experiments are required in the presence of water or decane and

at a range of stresses and temperature.
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Figure D.3: The stress stain curve (blaclk) for a sample of Locharbriggs sandstone de-
formed at a constant strain rate of 10−5s−1 while at room temperature and
at an effective pressure of 100 MPa. The coloured curves represent different
horizontal wave paths through the sample, and the map of the wave paths can
be seen in Figure C.2. The sections labelled b to g, correspond to the time
period of the experiment that the AE locations are presented in C.2
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